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SUMMARY  OF  EXPERIMENTAL  ACCOMPLISHMENTS 


The  research  accomplishments  for  this  three-year  metal  matrix  composite  research 
program  centered  upon  three  areas:  infiltration  kinetics,  wettability  studies  and 
predictions  of  interfacial  properties.  The  major  accomplishments  for  each  year  are 
summarized  in  the  following  section. 

Year  One 

A  pre-conditioning  reaction  model  was  hypothesized  to  explain  the  incubation 
period  observed  to  precede  the  liquid  metal  infiltration  of  SiC  particulate,  and  a  rate 
equation  for  pre-conditioning  was  experimentally  established  for  the  infiltration  of  SiC 
particulate  by  liquid  aluminum  (CRll).  A  threshold  pressure,  or  the  minimum  pressure 
required  for  infiltration  after  incubation,  was  estimated. 

Experimental  wettability  studies  were  completed  for  Al-Si,  Al-Mg,  and  Al-LJ  alloys 
in  contact  with  SiC  by  utilizing  a  capillary  rise  apparatus  (T4).  The  oxide  layers  on  the 
ceramic  substrate  and  on  the  molten  metal  surface  were  observed  to  strongly  influence 
wetting  behavior. 

A  theoretical  model  to  predict  interfacial  properties  such  as  interfacial  bond 
strength  was  developed.  The  model  incorporated  measurements  of  optical  reflectance  to 
determine  the  surface  properties  of  a  solid.  Calculated  interfacial  bond  energies  of  pure 
metals  Cu-Zn  alloys  and  Al-SiC  interfaces  were  completed  (J6). 

Year  Two 

Differential  optical  reflectance  was  used  to  measure  the  optical  transitions  in 
aluminum  and  its  alloys,  and  the  previously  developed  semi-empirical  model  was  used  to 
calculate  surface  energies.  Predicted  surface  energies  were  in  close  agreement  with 
experimentally  determined  surface  energies  taken  from  the  literature. 
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Interfacial  bond  energies  were  estimated  using  a  work  of  decohesion  model  (J6). 
Punch  shear  tests  then  provided  relative  estimates  of  bond  strengths  for  several 
aluminum  alloys  in  contact  with  silicon  carbide.  The  predicted  bond  energy  trends 
correlated  well  with  observed  bond  strengths. 

Year  Three 

Concepts  from  surface  science  and  thermodynamics  were  coupled  to  theoretically 
predict  wettability.  Wetting  was  treated  as  a  surface  phenomenon,  in  which  a  surface 
reaction  monolayer  was  sufficient  to  cause  wetting  (J5).  According  to  this  model,  the 
spontaneity  of  wetting  is  governed  by  a  thermodynamic  term  defined  as  the  free 
energy  of  wetting.  Theoretical  predictions  compared  favorably  with  experimental 
wettability  measurements  made  using  a  capillary  rise  apparatus.  The  model  was  further 
validated  for  silicon  dioxide  surfaces  (CRM). 

Compacts  of  silicon  carbide  prepared  by  a  vibration  technique  were  found  to  have 
reproducible  gas  permeabilities.  The  infiltration  of  these  compacts  was  then  studied  as  a 
function  of  temperature  and  pressure  (T3).  The  progress  of  the  infiltration  front  was 
monitored  on  line  by  observing  the  changes  in  the  pressure  drop. 

A  phenomenological  equation  relating  the  infiltration  rate  to  the  applied  pressure, 
threshold  pressure,  height  of  the  compact,  activation  energy  for  viscous  flow  of  aluminum, 
and  the  absolute  temperature  was  determined.  Aluminum  powder  additions  to  the 
compact  prior  to  infiltration  were  found  to  alleviate  porosity  and  provide  a  method  for 
varying  the  volume  fraction  of  reinforcement. 

Aluminum  matrix  composite  processing  using  the  liquid  metal  route  is  complicated 
by  the  oxide  barrier  formed  on  the  liquid  metal.  A  transport  model  was  used  to  explain 
the  observed  interfacial  reaction  behavior  (CR15). 
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APPENDIX  I 


PAPERS  AND  CONFERENCE  PROCEEDINGS 


The  Infiltration  of  Aluminum  into  Silicon  Carbide  Compacts 


P.B.  MAXWELL,  G.P.  MARTINS,  D.L.  OLSON,  and  G.R.  EDWARDS 

Although  liquid-metal  processing  of  metal  matrix  composites  offers  economic  advantages,  problems 
related  to  the  nonwetting  nature  of  the  ceramic  discontinuous  reinforcement  create  obstacles  to 
its  ready  implementation.  Infiltration  can  occur  only  if  a  threshold  pressure  is  applied  to  over¬ 
come  the  unfavorable  interfacial  forces  in  the  system.  The  research  reported  in  Ais  paper  has 
been  devoted  primarily  to  experiments  on  infiltrating  silicon  carbide  compacts  with  pure  alu¬ 
minum,  aluminum- 1  wt  pet  magnesium,  and  aluminum-1  wt  pet  silicon.  The  major  finding  has 
been  that  an  incubation  time  is  necessary  before  inflltration  can  proceed,  even  though  the  thresh¬ 
old  pressure  is  exceeded.  Thus,  while  the  model  equations  available  for  predicting  the  infiltration 
rate  of  compacts  appear  to  be  adequate,  the  incubation  time  can  represent  the  rate-determining 
step  in  the  process.  It  is  suggested  that  the  mechanism  responsible  for  the  incubation  phenom¬ 
enon  may  be  related  to  a  surface  modification  produced  by  either  reaction  of  liquid  aluminum 
with  an  oxide  film  on  the  surface  of  the  particles  or  coverage  of  the  surface  by  a  capillarity- 
induced  aluminum  condensate. 


I.  INTRODUCTION 

DlSCONTlNUOUSLY  reinforced  metal  matrix  com¬ 
posites  have  been  fabricated  by  various  techniques  of 
which  the  most  successful  have  been  the  solid-state  pro¬ 
cesses.  These  include  powder  metallurgy  processing  and 
lamination  of  reinforcement  and  metal  by  diffusion 
bonding.'"  Liquid-metal  processes  have  had  less  suc¬ 
cess,  although  liquid  processing  of  particulate-reinforced 
composites  is  potentially  more  economical.  Moderate 
success  has  been  experienced  with  both  the  addition  of 
the  ceramics  to  the  liquid  metal  prior  to  casting  and  the 
direct  infiltration  of  ceramic  preforms.'^'  A  primary  ob¬ 
stacle  to  the  liquid-metal  techniques  is  the  nonwetting 
nature  of  the  ceramics.  Flocculation  of  the  ceramic  oc¬ 
curs  when  mixed  into  the  melt  prior  to  casting,*"  voids 
form  at  interfaces,  and  incomplete  infiltration  results. 
Degradation  of  the  silicon  carbide  by  reaction  with  alu¬ 
minum  is  also  a  concern,**'  and  various  techniques  have 
been  employed  to  overcome  these  problems.**' 

Liquid-metal  processes  which  have  had  limited  suc¬ 
cess  include  compocasting  and  infiltration.*"  In  compo- 
casting,*^'  silicon  carbide  powder  is  stirred  into  the  melt 
at  a  temperature  between  that  of  the  liquidus  and  the 
solidus.  Since  this  partially  solidified  melt  behaves  as  a 
slurry,  the  silicon  carbide  powder  can  then  be  mechan¬ 
ically  entrapped,  allowing  the  mixture  to  be  cast  into  a 
metal  matrix  composite.  Composites  produced  by  this 
process  have  been  characterized  by  voids  and  often  by 
poor  bonding  at  the  ceramic/metal  interfaces. 

Vacuum  coating  and  pressure  (squeeze)  casting*^'  have 
been  applied  to  the  liquid-metal  infiltration  of  silicon 
carbide  fibers.  Liquid-metal  infiltration  processes  offer 
a  considerable  advantage  in  the  production  of  intricately 
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shaped  parts  such  as  tubes,  where  the  full  benefits  of 
continuous  fibers  may  be  realized. 

The  advantage  of  producing  silicon  carbide/aluminum 
matrix  composites  by  liquid-metal  infiltration  techniques 
cannot  be  fully  realized  without  improvements  in  the  in¬ 
filtration  behavior  and  fiber  matrix  bonding.**'  Previous 
investigations  have  focused  on  the  effects  of  processing 
parameters  such  as  pressure,  temperamre,  and  alloy¬ 
ing.*’-"’'  This  p^ier  reports  on  an  infiltration  model  which 
considers  the  physic^  properties  of  the  liquid  and  pre¬ 
form.  These  properties  include  viscosity,  density,  sur¬ 
face  tension,  wettability,  and  pore  size.  The  mode)  has 
been  assessed  in  terms  of  its  ability  to  predict  infiltration 
behavior  from  known  physical  properties  of  the  material 
utilized  in  controlled  laboratory  experiments.  Infiltration 
problems  can  be  solved  by  modification  of  the  properties 
of  the  liquid-metal  and/or  ceramic  reinforcements. 


A.  Wettability 

An  understanding  of  the  infiltration  thermodynamics 
provides  information  on  whether  infiltration  will  occur 
spontaneously  for  a  given  system  or  whether  external  work 
must  be  performed  upon  the  system.  Wettability  is  com¬ 
monly  used  to  assess  the  interfacial  tension  driving  forces 
and  is  measured  in  terms  of  the  liquid-solid  contact  angle, 
0.  Values  of  0  less  than  90  deg  indicate  a  propensity  for 
wetting,  whereas  nonwettability  is  defined  by  values  of 
0  greater  than  90  deg. 

There  is  a  lack  of  consistency  in  the  experimentally 
determined  contact  angles  for  the  silicon  carbide/ 
aluminum  system.*"  '^'  The  measurement  is  complicated 
by  the  nature  of  the  silicon  carbide/aluminum  interface. 
Since  both  materials  generally  have  an  oxide  layer,  some 
investigators  may  actually  have  reported  equilibrium 
contact  angles  for  aluminum  in  contact  with  an  oxide. 
While  it  is  believed  that  the  oxide  layer  associated  with 
the  silicon  carbide  may  be  reduced  by  chemical  reaction 
with  aluminum,  depending  on  the  temperature  and  time 
of  contact,*"  this  process  may  also  be  accompanied  by 
the  formation  of  aluminum  carbide  at  the  interface. 


METALLURGICAL  TRANSACTIONS  B 


VOLUME  21B.  JUNE  1990—475 


Measurements  of  the  contact  angle  for  this  system  are 
therefore  very  sensitive  to  material  preparation,  time, 
temperature,  and  atmosphere. 

Kohlei^'^'  reports  contact  angles  for  several  aluminum 
alloys  in  contact  with  silicon  carbide,  as  shown  in 
Hgure  1 .  These  data  indicate  that  a  transition  from  non¬ 
wetting  to  wetting  of  silicon  carbide  by  aluminum  alloys 
occurs  between  900  ®C  (1173  K)  and  1(XX)  ®C  (1273  K). 
This  transition  may  be  the  result  of  either  the  breakdown 
of  a  passive  oxide  film  or  the  formation  of  aluminum 
carbi^  or  the  sequential  occurrence  of  both.  Alloying 
additions  ai^rarendy  do  not  affect  the  degree  of  wetting 
outside  the  transition  temperature  range  but  do  alter  the 
temperature  range  over  which  the  transition  occurs. 

Shaler^'**  defined  an  infiltration  indice,  lot,  for  Ore 
tendency  of  liquid  metal  to  form  a  mutual  plane  interface 
with  the  idealized  porous  substrate: 

/<*  =  wr*yhI(l/<^  -  I)  (cos  e  +  1)]  [1] 

where  the  porosity,  is  the  volutiK  ffaction  of  the  ma¬ 
terial  occupied  by  die  pores  and  jt,  is  the  liquid-vapor 
interfacial  tension.  The  resulting  index  of  contacting, 
is  positive  for  all  values  of  6,  r,  and  y^,.  This  ten¬ 
dency  for  the  liquid  metal  to  form  a  mutual  interface 
with  the  substrate  is  illustrated  in  Figure  2  as  a  function 
of  contact  angle,  6,  and  pore  volume  fraction,  <l>.  It  can 
be  concluded  that  the  tendency  for  the  liquid  to  adhere 


(1073)  (1173)  (1273)  (1373) 

TEMPERATURE,  »€  (  K) 


Fig.  1 — Viriatioii  of  die  contact  «ngie  between  eluminuin  and  silicon 
carbide  as  a  functioo  of  temperanae  and  alloy  compodtion.”^  AlQiMg 
I  *  3.3(o4.S  pet Cu.  0.4  to  1  petMg,  andO.Sto  1  petMn;  AlZnMgCo 
1.5  *  5.1  to  6.1  pet  Zn,  2.1  to  2.9  pet  Mg,  1.2  to  2.0  pet  Cu,  0.18 
to  0.3  pet  Cr,  and  0  to  0.3  pet  Mb. 


Fig.  2 — Tendency  for  a  liquid  layer  to  adhere  to  a  porous  surface."'' 


to  the  surface  increases  with  decreasing  contact  angle 
and  porosity. 


B.  Ir0ltration  Kinetics 

The  kinetics  of  infiltration  can  be  described  by  equat¬ 
ing  the  rate  of  change  of  momentum  of  the  liquid  within 
the  capillary  network  to  the  forces  which  act  on  this  liq¬ 
uid.*'*'*'  For  a  wetting  system,  the  force  due  to  surface 
tension,  F^,,  acts  to  move  the  liquid  up  the  capillary, 
while  this  motion  is  resisted  by  the  forces  due  to  gravity, 
F,g,  viscous  drag,  and  end  drag,  F„.  These  forces 
are  presented  schematically  in  Figure  3.  When  these  forces 
are  equated  to  the  rate  of  change  of  momentum  of  the 
liquid,  the  following  equation  is  obtained.  For  a  capil¬ 
lary  tube  of  uniform  circular  cross  section. 


=  2irry^  cos  6  —  rrr^pghc  —  Zirphc 


where  he  is  the  distance  infiltrated  at  time  r,  r  is  the 
capillary  radius,  p  is  the  density  of  the  liquid,  fi  is  the 
viscosi^  of  the  liquid,  and  g  is  the  acceleration  due  to 
gravity. 

A  similar  force  balance  was  utilized  by  Semlak  and 
Rhines"^'  for  describing  the  infiltration  behavior  of  po¬ 
rous  iiKtal  bodies.  In  their  arudysis,  the  porous  body  is 
replaced  by  a  bundle  of  tubes  with  an  “effective  radius" 
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LIQUID 


Fig.  3 — Schematic  showing  the  forces  acting  on  a  liquid  column  within 
a  capillary. 


which  can  then  be  determined  experimentally.  More  re¬ 
cently,  this  model  has  been  reexamined  by  Martins 
et  a/.,'"'  and  dimensionless  parameters  which  delineate 
the  limiting  behavior  have  been  developed  and  quantified. 

For  the  work  reported  in  this  paper,  the  analysis  of 
Martins  et  was  adapted  to  treat  the  nonwetting  sys¬ 
tem  studied  and  is  described  in  detail  in  the  Appendix. 
Since  pressure  must  be  applied  to  induce  infiltration  in 
such  a  system,  it  was  found  convenient  to  measure  the 
rate  at  which  the  liquid  aluminum  flows  downward 
through  a  silicon  carbide  powder  compact.  A  simpler  ex¬ 
perimental  arrangement  is  required  compared  to  that  for 
inducing  upward  flow.  A  schematic  describing  this  sys¬ 
tem  is  presented  in  Figure  4.  The  quantity  h^o  is  the  ini¬ 
tial  height  of  the  liquid  in  the  reservoir,  he  is  the  distance 
the  liquid  has  infiltrated  at  time  r,  Ac  is  the  cross-sectional 
area  of  the  compact,  r*  is  the  effective  pore  radius  (hy¬ 
draulic  mean  radius),  dp  is  the  particle  diameter,  and  if> 
is  the  void  fraction. 

It  has  been  shown*'*  ”'  that 

^  2y^  cos  0 

=  AP*  +  — - +  pgh^o  >  0  [31 


POWDER 

COMPACT 


Fig.  4 — Schematic  illustrating  the  infiltration  of  a  powder  compact. 


and 


where 


and 


=  iOThcOt''^) 

2 

150(1  - 


[4] 

[51 

[6] 


In  the  equations  above,  AP^rr  is  the  effective  pressure 
difference  across  the  compact,  and  AP*  is  the  difference 
between  the  applied  pressure  in  the  reservoir  and  the 
pressure  of  the  gas  in  the  compact.  * 


n.  EXPERIMENTAL  PROCEDURES 

The  model  indicates  that  the  infiltration  rate  is  depen¬ 
dent  on  the  following  properties  of  the  system:  ( 1 )  pore 
radius  of  the  compact,  (2)  viscosity  of  the  liquid, 
(3)  density  of  the  liquid,  (4)  surface  tension  and/or  con¬ 
tact  angle,  and  (S'*  applied  pressure.  The  properties  se¬ 
lected  for  study  were  those  associated  with  the  liquid 
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li.e.,  surface  tension  (y^,)  and  contact  angle,  density, 
and  viscosity].  The  alloys  selected  for  comparison  to 
pure  aluminum  were  aluminum- 1  wt  pet  silicon  and 
aluminum- 1  wt  pet  magnesium. 

The  infiltration  temperatures  of  interest  included 
1123  K,  where  aluminum  alloys  will  wet  silicon  carbide 
(Figure  1),  and  near  the  fusion  temperature  for  alumi¬ 
num,  where  reaction  with  silicon  cart>ide  is  less  severe. 
The  viscosity  of  aluminum  and  its  alloys  shows  a  sharp 
increase  as  Ae  melting  point  or  liquidus  is  approached. 
To  avoid  this  behavior,  the  temperature  selected  for 
conqiaring  the  alloys  was  943  K  or  10  K  above  the  melt¬ 
ing  point  of  the  aluminum.  Limited  infiltration  studies 
were  also  made  with  pure  aluminum  at  3  K  above  the 
melting  point  and  aluminum-1  wt  pet  silicon  at  6  K  above 
the  liquidus  and  2  K  below  die  liquidus  to  observe  whedier 
any  dramatic  changes  in  infiltration  behavior  occurred  at 
temperatures  in  the  vicinity  of  the  solidus  temperature. 

The  basis  for  selecting  the  applied  pressure  was  first 
to  determine  experimen^y  the  minimum  pressure  nec- 
essaiy  for  infiltration  of  each  alloy  at  the  temperature 
selected.  To  define  this  pressure,  refeired  to  as  die 
“threshold  pressure,”  a  time  limit  of  30  minutes  was  se¬ 
lected  within  which  infiltration  either  occurred  or  it  was 
concluded  that  the  applied  pressure  was  below  the 
“threshold  pressure.”  This  pressure  could  be  discrimi¬ 
nated  to  within  3  kPa.  To  resolve  the  effect  of  alloying 
on  the  infiltration  kinetics,  data  were  obtained  for  each 
composition  using  the  greatest  of  the  “threshold  pres¬ 
sure”  for  the  three  alloy  compositions  investigated. 

A.  Materials 

The  sUicon  carbide  used  was  lOO-grit  green  a-silicon 
carbide.  The  chemical  composition  and  particle  size 
analysis  of  this  material  are  presented  in  Table  I.  The 
average  size  and  shape  factor  were  deteimined  using  a 
JEOL  JXA  840  electron  probe  analyzer  with  a  particle 
recognition  and  characterizadon  program.  The  diape  factor 
is  deflned  as  (perimeter)V(t)rea  x  4w).  The  results  are 
presented  in  Table  I.  High-purity  aluminum  (99.9S  wt 
pet)  was  used  in  the  experiments  and  for  preparing  the 
alloys  used.  The  compositions  of  the  alloys  were  deter¬ 
mined  using  an  Applied  Research  Laboratories  34000 
qjtical  emission  spectrometer.  The  aluminum-silicon  al¬ 
loys  were  determined  to  be  1 .00  to  1 .07  wt  pet  silicon, 
and  the  aluminum-magnesium  alloys  contained  1.03  to 
1.13  wt  pet  magnesium. 


B.  Sample  Preparation 

The  infiltration  apparatus  used  for  the  experiments  is 
shown  schematically  in  Figure  5.  A  12.S-mm  ID  x 
19.0-mm  OD  x  92.0-mm-long  alumina  tube  was  in¬ 
serted  into  a  stainless  steel  tubular  fixture.  A  sintered 
stainless  steel  porous  plug  with  a  nominal  lS-/im  pore 
size  was  then  inserted  into  the  tube.  The  tube  was  filled 
with  8.S  g  of  the  silicon  carbide  powder  and  a  6-g  alu¬ 
minum  (or  aluminum  alloy)  slug.  The  slugs  used  were 
precast  to  match  the  inside  diameter  of  the  alumina  tube 
and  cut  to  achieve  the  desired  weight.  The  sample  was 
then  oompacted  by  applying  a  stress  of  72.S  MPa  (10,200 
psi)  to  the  top  of  the  slug  via  a  punch,  using  a  hydraulic 


Table  I.  Characterization  of  the 
100-Grit  Green  a-Silicon  Carbide 


Nominal  Composition  (Wt  Pet) 


SiC  Si  SiOj 

C 

Fe  A1 

98.65  0.15  0.63 

0.36 

0.08  0.08 

Particle  Size  Analysis* 

Standard 

Parameter 

Average 

Deviation 

Average  diameter  (jim) 

47.73 

24.08 

Maximum  diameter  (fim) 

91.05 

40.74 

Minimum  diameter  (pm) 

25.97 

17.57 

Shape  factor 

2.35 

0.66 

“Based  upon  524  particles  evaluated. 

press.  This  applied  load  assured  that  the  powder  compact 
was  pressed  uniformly  and  also  provided  an  upset  to  the 
slug,  securing  it  tightiy  in  the  tube  so  that  the  compact 
would  not  be  disturb^  during  lumdling  prior  to  the 
experiment. 

The  sealing  arrangement  was  such  that  when  the 
SWAGELOK*  fitting  was  tightened,  a  copper  ferrule  was 

“SWAGELOK  is  a  tndemaik  of  Oawfonl  Fittiiig  Con^Mny,  S<don, 
OH. 


forced  to  seat  onto  the  inside  diameter  of  the  alumina 
tube,  thoeby  effecting  a  gas-ti^t  seal.  The  stainless  steel 
fixture  was  then  coimected,  by  means  of  SWAGELOK 
fittings,  to  a  smaller  stainless  steel  tube,  which  supplied 
argon  to  the  top  of  the  interior  of  this  assembly. 


C.  Characterization  of  Porous  Compact 

In  order  to  use  the  model  for  the  prediction  of  infil¬ 
tration  rate,  values  for  the  void  fraction,  effective  par¬ 
ticle  diameter,  and  the  effective  pore  radius  are  required. 
The  last  two  quantities  are  not  directly  measurable  for  a 
compact  containing  different  size  arid  shape  particles. 
However,  if  the  void  fraction  is  known,  these  quantities 
can  be  derived  experimentally  by  application  of  Ergun’s 
equation  to  a  system  with  establish^  physical  properties 
(Appendix). 

The  void  fraction  was  determined  by  adding  water  to 
the  silicon  carbide  powder  conqiacts.  The  specimens  were 
weighed  before  and  after  all  ^  voids  were  filled  with 
water.  The  open  void  fraction  was  then  calculated  using 
the  weight  of  the  water  added. 

Pressure  drop  vs  flow  rate  measurements  were  then 
obtained  for  argon  flowing  through  the  silicon  carbide 
compacts  contained  in  the  alumina  tube.  The  range  of 
flow  rates  selected  was  such  that  die  flow  behavior  would 
be  similar  to  that  expected  in  die  infiltration  studies.  This 
was  determined  by  calculating  the  range  of  Reynolds 
mimbers  which  would  be  expected  in  die  infiltration  study 
and  then  determining  the  argon  flow  rates  which  would 
cover  this  range. 

The  Reynolds  number.  Re,  is  given  by 


Re  = 


pVp 

M(1  -  <l>)So 


[7] 


47S— V(X.UME  2IB,  JUNE  1990 


METAlXUROICAL  TRANSACTIONS  B 


The  quantity  So  is  the  specific  surface  area  of  the  par¬ 
ticles  and  given  by 


and,  Vo,  the  superficial  velocity,  is  given  by 


dhc 

Vo  =  <^^  = 
dt 


Q 

Ac 


[8] 


[9] 


In  the  above  equations,  d^  is  the  average  (characteristic) 
particle  diameter  and  Q  is  the  volumetric  flow  rate  of 
the  gas  through  the  compact.  In  this  regime,  only  the 
viscous  term  in  the  Ergun’s  equation  is  significant,  and 
the  equation  may  be  simplifl^  by  eliminating  the  in¬ 
ertial  term.  (The  inertial  term  would  only  become  sig¬ 
nificant  if  die  velocities  in  die  infiltration  experiment  were 
of  die  order  of  meters  per  second.)  Eigun’s  equation  must 
also  take  into  account  the  compressibility  of  the  argon. 
The  applicable  form  becomes 


dP 

dz 


GqKT 

MP 


[10] 


where  Go  is  the  superficial  mass  flux  {pQ/Ac),  R  is  the 
gas  constant,  T  is  die  absolute  temperature,  and  M  is  the 
molecular  weight. 

On  integrating  over  the  length  of  the  compact,  this 
equation  becomes 

1  RT 

-(Pl  +  2P,Po)  =  KtpL  —  Go  [11] 

2  M 


where  P,  is  the  gage  pressure  measured  at  the  top  of 
the  compact,  P»  is  Ae  ambient  (barometric)  pressure  at 
the  bottom  of  Ae  compact,  and  L  is  the  length  of  the 
compact.  The  value  of  can  then  be  obtained  from  the 
slope  of  the  plot  of  l/2(Pj  +  2P,Po)  vs  Go,  the  slope 
being  equal  to  KifiLRT/M.  Knowing  Ki  and  <f>,  the  ef¬ 
fective  particle  diameter  can  be  calculated  fiom  the  def¬ 
inition  of  K|  and  can  then  be  related  to  the  elective  pore 
radius  by 


d,<l> 

6(1-0) 


[12] 


D.  Infiltration  Tests 

The  test  fixture  arrangement  within  the  furruice  is  pre¬ 
sented  in  Figure  S.  To  assure  temperature  uniformity 
within  the  working  zone,  a  tube  fiimace  was  used  with 
a  large  length-tt>-diameter  ratio  (9.1-m  long  x  0.1-m  ID). 
A  thermocouple  was  located  in  the  working  zone.  The 
furnace  temperature  was  increased  to  the  test  tempera¬ 
ture  selected  and  die  chamber  allowed  to  equilibrate  under 
a  cover  gas  of  99.998  pet  argon  at  a  gage  pressure  of 
3  kPa.  Once  the  furnace  reached  this  target  temperature, 
the  specimen  was  lowered  into  the  working  zone,  and 
the  gas  pressure  was  increased.  The  specimen  was  al¬ 
lowed  to  reach  thermal  equilibrium  (iqiproximately 
90  minutes)  before  the  test  began.  To  initiate  the  test, 
the  argon  supply  to  the  furnace  chamber  was  shut  off 
and  the  chamber  vented  to  the  atmosphere,  causing  a 
pressure  drop  to  be  developed  across  the  compact.  Once 
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Fig.  S— Schematic  of  the  experimental  system:  (a)  ptessuie  gage, 
(b)  chamber,(c)  veiit,(d)  funiaoe,(e)  valve,(f)  atgon supply, (g)  fixture 
for  holding  and  sealing  A1:0^  tube,  (h)  A1]0^  tube,  (i)  aluminum  in- 
filtrant,  (j)  compact,  (k)  porous  plug,  (1)  crucible  to  receive  alumi¬ 
num,  and  (m)  thermocouple. 


the  desired  run  time  had  elapsed,  as  indicated  by  a  stop¬ 
watch,  the  vent  was  closed,  and  the  argon  supply  valve 
to  the  chamber  was  reopened.  The  specimen  was  then 
raised  into  the  cold  zone.  After  the  specimen  had  cooled, 
it  was  extracted  from  the  alumina  tube  using  a  hydraulic 
press. 

The  specimens  were  examined  to  obtain  the  infiltra¬ 
tion  distance  with  respect  to  the  infiltration  time.  They 
were  sectioned  longitudinally  with  a  diamond  saw,  and 
the  infiltration  distance  along  the  centerline  was  mea¬ 
sured.  Four  samples  at  various  stages  of  infiltration  are 
shown  in  Figure  6.  The  data  obtained  from  tire  partially 
infiltrated  specimen  were  processed  to  obtain  an  average 
infiltration  rate  and  initiation  time  by  least-squares 
regression  analysis  of  the  model  equation  (Eq.  [4]).  Se¬ 
lected  samples  were  also  examin^  using  a  scaruiing 
electron  microscope  to  determine  whether  there  was  an 
effect  of  the  alloy  upon  the  {q>pearance  of  the  silicon 
carbide/aluminum  interface.  Photomicrogriqihs  of  rep- 
resoitative  sarrqrles  are  shown  in  Figure  7.  Sanqrles  were 
prepared  by  polishing  with  600-giit  paper  to  remove  any 
aluminum  that  had  been  smeared  over  the  surface  during 
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Fig.  6 — Photograph  of  compacts  at  various  stages  of  iofiltration.  The 
cross  section  is  approximately  12.S  mm  in  diameter. 


the  cutting  operation.  Coarser  grit  sizes  were  not  used 
in  order  to  avoid  pulling  out  the  silicon  carbide  particles 
from  the  matrix.  The  coarse  texture  of  the  samples  made 
them  unsuitable  for  optical  microscopy  at  magnifications 
above  100  times,  and  no  benefit  viras  realized  from  pol¬ 
ishing  or  etching. 

lU.  RESULTS  AND  DISCUSSION 

The  results  obtained  from  characterization  of  the  po¬ 
rous  compacts  and  from  the  infiltration  of  the  compacts 
with  aluminum  are  now  presented  and  discussed. 

A.  Porous  Compact  Characterization 

The  flow  rates  of  argon  through  three  silicon  carbide 
compacts  were  measured  over  a  range  of  pressure  drops. 


Each  compact  was  pressed  in  an  alumina  tube  with  a 
stainless  steel  porous  plug.  The  results  are  presented  in 
Figure  8,  along  with  similar  data  for  the  porous  plug  by 
itself.  Linear  regression  analyses  of  the  data  were  per¬ 
formed.  The  nonzero  intercept  of  the  regressed  lines  can 
be  accounted  for  by  a  zero  offset  of  the  pressure  gage 
used  in  the  measurements.  The  coefficient  of  determi¬ 
nation  for  the  data  was  found  to  be  %.4  pet,  indicating 
good  linear  correlation.  The  slope  of  the  upper  line  is 
related  to  the  resistance  to  flow  of  the  argon  tlu-ough  the 
overall  system.  This  resistance  is  due  to  contributions 
provided  by  the  compact  and  the  porous  plug  in  series. 
Consequently,  the  individual  contribution  provided  by 
the  compact  can  be  obtained  from  the  difference  in  the 
slopes  of  the  lines  obtained  for  the  compact  and  for  the 
porous  plug.  This  quantity,  in  conjunction  with  the  prop¬ 
erty  values  for  argon  at  the  test  temperature  (295  K)  and 
the  length  of  the  compacts  (L  =  40  mm),  was  then  used 
to  obtain  the  value  of  ^Ti  =  2.34  x  lO"  m^. 

Five  compacts  were  evaluated  for  pore  (void  fraction). 
The  average  pore  fraction  was  found  to  be  0.426  with  a 
standard  deviation  of  0.007.  Using  this  value  in  the 
equation  for  A*,  (Appendix,  Eq.  [All])  provided  a  value 
of  SI  .2  pm  for  the  effective  particle  diameter  which  agreed 
well  with  the  particle  measurements  performed  on  the 
scanning  electron  microscope.  The  effective  (hydraulic 
mean)  pore  radius  was  calculated,  from  Eq.  [12],  to  be 
6.44  pm. 

B.  Infiltration  Tests 

Data  obtained  from  the  infiltration  experiments  are 
presented  graphically  in  Figures  9  through  14.  Included 
with  these  data  are  lines  from  the  linear  regression  anal¬ 
yses.  Table  II  provides  a  comparison  between  the  ex¬ 
perimental  results  and  predictions  using  the  infiltration 
model.  It  is  seen  that  the  measured  threshold  pressures 


-PlubMiikiagraphs  of  silicon  catbide/inetsl  imerfaoe:  (o)  alaminum-l  wt  pet  silicon,  (fc)  aluminum,  and  (c)  aluminum-1  wt  pet  magnesium. 
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Hg.  8 — PicttiiR  dtop/afgan  flow  tale  oomlatioii  lued  for  chanc- 
lerizatioii  of  compacts.  Slope  <rf  upper  lioe  «  1.S73  x  10'**  kg  ■  s*’; 
slope  of  lower  line  >  0.284  x  lO**  kg  •  s~’. 


were  consistently  lower  than  predicted,  and  conse¬ 
quently,  die  measured  infiltration  rates  were  higher.  The 
only  factor  that  could  rationally  account  for  these  dis¬ 
crepancies  was  die  void  fraction  of  the  compact.  An  in¬ 
creased  void  fraction  would  be  expected  to  increase  the 
effective  pore  radius  and  decrease  the  value  of  Ki,  The 
void  fraction  was  therefore  reevaluated  using  samples 
which  had  been  infiltrated.  The  appearance  of  the  sam- 


0.0  O.B  1.0  l.S  2.0  2.B  3.0  3.9  4.0  4.9  9.0  9.9  6.0 
TIME*'*  (SBC*'*) 

I^.  10 — lafllMiaa  disunm  vs  square  root  of  time  for  ahiminiini-l  wt 
pet  silkoo  at  943  K  with  an  applied  pressure  of  90  kPa. 


pies  at  low  magnincadon  indicated  that  the  void  fraction 
was  indeed  greater  than  0.43,  which  had  been  measured 
ivior  to  infiltratimi.  Hiotomicrognqihs  were  then  used  to 
(toermine  the  silicon  carbide  volume  fraction  by  the  point 
count  method.  The  void  fraction,  die  conqilementary 
quantity,  obtained  by  this  method  was  0.80.  Based  upon 
diis  value,  die  effective  pore  radius  was  calculated  to  be 
34.1  /tm,  and  die  extn^lated  value  of  Ky  was  4.47  x 
1(^  m~^.  Based  upon  th^  values,  there  was  now  good 
correlation  between  the  experimental  results  and  predic¬ 
tions.  Apparendy,  the  flow  of  aluminum  into  the  com¬ 
pact  results  in  si^iificant  drag  forces  (in  addition  to  the 
tMioyancy  force)  on  the  silicon  carbide  particles,  which 
lead  to  ^ir  redistribution  and,  hence,  larger  void  frac¬ 
tion  of  the  compact. 

To  calculate  the  threshold  pressures,  it  was  necessary 
to  assign  a  contact  angle  value  of  ISS  deg  for  all  com- 
positi(»s  and  tenqieratures,  due  to  insufficient  data  con¬ 
cerning  wettability  of  SiC  by  liquid  aluminum  (Hgure  1). 
Discrepancies  between  the  cdculated  values  and  ex¬ 
perimental  results  may  also  be  due  to  the  use  of  bulk 
diermodynamics  to  describe  a  powder  conqnct  i^iiae  the 


TIME*'*  (!•€*'*>  tine’'*  (BBC*'*) 


Fig.  9 — InfilttMiaa  tisiaaoe  vt  iquiK  mot  of  time  for  ahmiiiiiim  «  Rg.  11 — infiHiwinw  JiwBBce  m  BipiBw»  mt*  rftjmg 

943  K  wWi  en  ipplied  prennre  of  90  kPa.  pet  megweeiiim  «  943  K  with  an  applM  preinre  of  90  kPa. 
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Hg.  12 — InfiteKioii  diwiiice  vs  tqun  root  of  time  far  Elumiituin  at  Hg.  14 — hfiHminn  ««  «qii«n.  «w  rf  tiin>  far  « 

9*3  K  with  n  qiplied  pRstuie  of  69  kPt  pet  tiliooB  at  933  K  with  an  applied  pneasure  of  98  kPa. 


surface  cooditioii  and  smaU  radii  of  curvature  of  die  par¬ 
ticles  can  ctMitribute  significantly  to  the  free  energy  of 
the  system. 

The  infiltration  talM  predicted  for  die  systems  tested 
near  their  threshold  pressures  ate  widiin  the  90  pet  con¬ 
fidence  intervals  of  the  experimental  results.  At  larger 
values  of  die  effective  pressure  difference,  APed.  die 
derivations  between  die  experimental  results  and  the  pre¬ 
dictions  cannot  be  accounted  for  by  experimental  etr«'. 
This  indicates  diat  a  change  in  the  flow  behavior,  which 
may  be  coupled  to  void  fraction  increases,  may  occur 
when  the  qipUed  pressure  is  increased. 

The  effect  of  increasing  die  qiplied  pressure  iqx»  the 
infiltration  behavior  of  aluminum  at  943  K  was  to  de¬ 
crease  the  initiation  time.  Tests  run  near  the  liquidus 
(936  K  fix’  pure  ahrmimim  and  933  K  for  ahnninum-l  wt 
pet  Si)  were  characterized  by  long  initiation  times  and 
significant  scatter  in  the  data,  as  evidoit  from  Ingures  13 
and  14.  These  observations  may  be  consistent  widi  die 
previously  rqwrted  variability  in  viscosity  near  die  melt¬ 
ing  point,  wUch  was  attributed  to  short-range  mdering 
priOT  to  tte  onset  of  solidification.  Also,  slight  tenqier- 
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Hg.  13 — lolilaatiaa  diiiMoo  *»  oqoMo  raoi  of  time  Car  olonriaa  or 
936  K  whh  m  ^piiod  pwiiwo  of  98  kPo. 


atuie  gradients  may  be  present  in  the  preform,  resulting 
in  localized  regims  at  temperatures  less  than  tte  melting 
point  or  liquidus.  When  tenqierature  was  increased 
to  943  K,  the  threshold  pressure  for  both  the  aluminum 
and  aluminum- 1  wt  pet  silicon  decreased.  In  Figure  IS,  ^ 
it  is  seen  that  the  effect  is  more  pronounced  for  pure  ^ 
aluminum. 

Tests  perfotined  below  the  liquidus  for  the  two  alloys 
resulted  in  the  liquid-phase  fraction  infiltrating  die  com¬ 
pact,  while  die  solid-phase  fraction  was  trqiped  at  the 
iqiper  face  of  the  compact  Also,  tests  conducted  at  1323  K 
demonstrated  diat  contrary  to  what  the  available  contact  ^ 
angle  data  indicate,  infiltration  could  not  be  accom- 
idished  without  the  qiplication  of  a  pressure  difference 
across  die  compact.  Tests  conducted  at  this  terrqierature 
and  without  ^)^ied  pressure  for  extended  periods  as  long 
as  24  hours  (Ud  not  result  in  infiltration. 

The  initiation  time  prior  to  the  start  of  infiltratkm  is 
obviously  due  to  an  unfavorable  force  balance  being  * 
present  at  the  start  of  die  test.  It  is  apparent  that  APdr 
is  not  only  a  function  of  the  qiplied  pressure  difference 
and  wei^t  of  the  Uquid  (Appoidix,  Eq.  [AIS])  but  of 
the  interfacial  tension  term  as  well.  It  is  conceir^le  that 
during  die  initiation  period,  contact  of  die  silicon  carbide 
by  the  liquid  aluminum  results  in  modification  of  the  ^ 
interface,  and  dius,  in  the  cos  d  term,  such  that  APen 
is  greater  than  zero.  Eitha*  tte  passive  oxide  film  on  the 
silim  carbide  particle  reacts  widi  the  molten  aluminum 
or  it  becomes  coveted  by  a  capillarity-driven  aluminum 
condensate,  whidi  ultimately  leads  to  a  favorable  APen 
for  infilttation.  The  rate  of  eidier  process  should  be  de- 
pendmit  on  both  temperature  and  conqiosition  of  the  alu-  V 
minum  alloy.  Furthermore,  either  an  oxide-scavenging 
reaction  or  a  condensttion  mechanism  would  be  ex¬ 
pected  to  be  thermally  activated;  i.e.,  higher  temperature 
tests  should  be  expected  to  yield  hitler  rates  (rf  surfoce 
modification  and,  consequently,  shorter  initiation  times. 

This  appears  to  be  the  case  when  comparing  die  initia-  a 
tion  times  for  aluminum  infiltration  at  943  and  936  K 
(Figures  9  and  13).  It  should  also  be  noted  diat  die  lower 
tempeiamre  teat  was  conducted  at  a  hi^teripplied  pres¬ 
sure.  This  effect  of  temperature  on  the  initiatioo  time  can 
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Table  D.  Comparison  between  Experimental  Resnlte  and  Predictions 

Alloy 

Temperature 

(K) 

AP*  (kPa) 

Predicted** 
dhe  /mm\ 

vT/ 

Measured 
dhc  /mm\ 

AP*(kPa) 

Aluminum 

943 

90 

11 

113 

71 

Al-lSi 

943 

90* 

9 

19 

71 

Al-lMg 

943 

90 

11 

96 

67 

Aluminum 

943 

69* 

25 

19 

71 

Aluminum 

936 

98* 

6 

17 

71 

Al-lSi 

933 

98* 

6 

17 

71 

’Denotes  diieshold  ptessme  (+3.5/-0),  AP«t,  for  Al-lMg  at  943  K  is  72  kPa. 
**Pte«lictk)PS  based  upon  ^  »  0.8  9  *  133  deg. 


also  be  observed  for  die  aluminuin-l  wt  pet  silicon  alloy 
(Hgures  10  and  14). 

^  higher  appli^  pressure,  a  smaller  increase  in  the 
interfacial  tension  term  is  required  to  initiate  infiltration 
(Aj^iendix,  Eq.  [AIS]).  This  influence  of  iqiplied  pres* 
sim  is  iqiparent  from  the  initiation  times  for  pure  alu¬ 
minum  illustrated  by  Figures  9  and  12.  The  smaller  tqifdied 
pressure  of  69  kPa  resulted  in  a  much  longer  initiation 
time  for  infiltration  to  ctmunence.  Again,  this  could  be 
due  to  either  the  oxide  dissohition  reaction  or  to  cqnllaxity- 
^ven  condensatitMi,  since  the  change  in  state  of  the 
interface  which  would  have  to  be  effected  would  now 
be  larger,  requiring  a  longer  time. 


TEMPERATURE,  *0  (  K) 


Fig.  13 — Thnshold  psessore  *S  gg,  ahmiiiimn  awl 

atwiHiiaim-l  wt  pet  sUicoa. 


Finally,  with  regard  to  the  {diotomicrogrqdis  showing 
the  interfaces  between  die  matrix  and  silicon  car¬ 
bide  particles,  it  can  be  seen  from  Figure  7  that  the  alu¬ 
minum  and  ahantnum-l  wt  pet  magnesium  appear  to  have 
adhered  to  the  silicon  carbide  particles.  However,  this  is 
not  the  case  for  the  aluminum- 1  wt  pet  silicon  alloy. 


IV.  CONCLUSIONS 

There  are  duee  important  features  related  to  the  infil¬ 
tration  of  mnwetting  porous  compacts  by  liquid  met¬ 
als — the  threshold  pressure,  the  incubation  time,  and  die 
rate  of  infiltrati(»  once  it  is  initiated.  While  die  threshold 
pressure  can  be  predicted  (not  widistanding  the  uncer¬ 
tainty  in  surface  tensiem  dm)  and  the  infiltration  rates 
can  be  adequately  predicted  from  the  models  available, 
die  most  inqxirtant  aspect  of  the  overall  infiltration  rate 
process  is  die  incubatiem  time. 

The  more  inqiortant  corKlusirms  regarding  the  exper¬ 
iments  conduct^  are  enumerated  below: 

1.  Pressure  is  required  to  initiate  infiltration  of  silicon 
carbide  powder  ctmqiacts  with  aluminum  within  die 
tenqiennue  range  of  933  to  1 123  K. 

2.  The  pressure  required  for  infiltration  of  silicon  car¬ 
bide  conqwets  with  aluminum  is  dependent  on  alloy 
CfHi^iosition.  Alloying  aluminum  widi  eidier  1  wt  pet 
silicon  or  1  wt  pet  magnesium  was  found  to  increase 
this  pressure,  with  the  effect  being  greater  for  the 
silicon  aUoy. 

3.  The  pressure  required  for  infiltration  of  silicon  car¬ 
bide  conqiacts  with  aluminum  decreases  with 
increasing  tenqierature. 

4.  There  is  an  initiation  time  associated  with  die  infil¬ 
tration  of  silicon  carbide  conqncts  with  aluminum. 
This  initiation  time  decreases  widi  increasing  pres¬ 
sure  and  temperature.  The  mechanism  responsible  for 
diis  pbenornenon  may  be  due  to  eidier  an  oxide¬ 
scavenging  reaction  between  the  liquid  aluminum  and 
the  silkmi  carbide  particles  or  a  ciqiillarity-drivai 
condensate  which  covers  the  surface  of  the  particles. 

5.  When  a  silicon  carbide  powder  conqiact  is  infiltrated 
with  aluminum,  redistribution  of  particles  occurs, 
which  leads  to  increased  void  fraction  and  effective 
pore  radius.  It  is  hypothesized  that  die  drag  forces 
produced  the  flow  of  the  liquid  metal  are  reqxm- 
sible  for  this  phenomenon. 
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APPENDIX 

Analysis  for  infiltration  in  a  nonwetting  system 

Referring  to  Figure  4,  the  total  cross-sectional  area  of 
the  pores,  A^.  can  be  related  to  the  area  of  the  compact 
by  ^  void  fraction 

Av  =  [Al] 

By  continuity,  at  time  t,  the  height  of  the  liquid  in  the 
reservoir,  h^,  can  be  related  to  the  infiltration  distance, 
he,  by 


equation  (Eq.  (A6]).  The  first  approach,*'*'  it  may  be  re- 
cidlcd,  yields 


ihiAr  dHr 

r*  at 

whereas  the  Ergun  equation  leads  to 


where 


[A9] 


r  tffic  fdhcVl 

F,^=-Mc  K,^hc-^  +  K2phc\^j  [AlO] 


hR  —  4>hc  ~  hRo  [A2] 

The  (mgin  of  the  coordinate  system  is  located  at  the 
interface  between  the  reservoir  and  the  compact,  with 
the  positive  direction  being  that  in  which  the  fluid  flow 
is  induced. 

The  equatirm  of  motion  for  this  model  is  given  by 
d  r  dhc^ 

+  +  IA3] 

The  difference  between  this  force  balance  and  that  de¬ 
veloped  by  Brittin"*'  is  that  the  end  drag  and  surface 
tension  appear  within  a  pressure-related  force,  F^,  which 
accounts  for  the  iqiplied  pressure  and  the  weight  of  the 
liquid. 

This  force  is  related  to  die  pressure  dnq>  across  the 


porous  body  by 

F^  =  AP^c 

[A4] 

where 

AP  =  P*,  -  P*c 

IA5] 

Here,  P*,  is  the  (nessuie  in  the  liquid  at  the  reservoir/ 
cmnpact  interface,  and  P*c  >s  the  pressure  at  the  infil- 
trant  front.  The  pressure  at  the  reservoir/compact  inter¬ 
face  u  the  result  of  the  iqjplied  pressure  in  the  reservoir. 
For,  the  weight  of  the  liquid  above  the  interface,  and 
the  end  drag."*'  The  relationship  for  this  pressure  can 
therefore  be  expressed  by 

1  /dheV 

Fko^PaR  + PgffR--p\^j  (A6] 


The  pressure  present  at  the  infiltrate  front  is  the  result 
of  the  i»essure  on  the  gas-phase  side  of  the  front,  P^c, 
and  the  inessure  due  to  surface  tension  (curvature  of  the 
liquid  fiont).  The  expression  P^c  is  therefore  given  by 


Fiic~  Fee 


2yh,cos  6 


[A71 


The  pressure  drop  across  the  compact  then  becomes 

,  2yi,cos9  1  (dh^ 

^P^Pcr-Pgc  +  - +  PghR 


IA8J 

The  viscous  resistance  to  a  fluid  flowing  through  a 
powder  compact  can  be  developed  by  either  interpreting 
the  equation  for  steady  Poiseuille  flow  through  a  tube 
within  the  context  of  a  quasi-steady  process  or,  mote  in 
tune  with  die  physical  situation,  using  tte  Ergun 


X,= 


15(K1  -  <l>) 


K2  = 


1.75(1  -<») 


[All] 


The  gravitational  force  acting  upon  the  liquid  within 
the  compact  is 


F^  =  McPgftc 


(A12] 


The  rate  of  change  in  momentum  (acceleration  term)  can 
be  further  developed  to  give 

d  f  dhc'l  d  r  dhc\ 

(A131 

On  introducing  these  terms  into  Eq.  [A3]  and  dividing 
dirough  by  dAc ,  the  following  is  obtained: 


d  dhc  ^  ^ 
p-  he—  =AP* 
dt  dt 


+  PgftR 


2yiy  cos  6 

rt, 

1  (dheV 


1  (dhe\ 

~4^\dt) 


+  pghc 


IA14] 


»*  = 
only  occur  if 


where  AP*  =  Pat  —  Poe-  R  is  noted  that  infiltration  will 


^  2yi,  cos  $ 

^Pa^tiP*  +  — - +  pgA«o>0  [A15] 


The  expression  on  the  left  side  of  the  inequality  defines 
the  effective  pressure  difference,  APefr-  When  APcit  is  a 
zero,  AP*  is  then  the  dueshold  pressure  difference,  ttP^,, 
which  is  the  ^^lied  pressure  difference  that  must  be  ex¬ 
ceeded  to  initiate  infiltration. 

.The  solution  to  the  equation  of  motion  (Eq.  [A14]) 
may  be  simidified,  and  the  results  interpreted  on  a  broader 
basis,  by  recasting  the  equation  in  dimnsirmless  form. 

Using  T  and  {  to  represent  the  dimensionless  values  of  # 
time  and  infiltration  distance,  respectively,  the  infiltra¬ 
tion  equation  is  now  expressed  as 


where 


di^  4  VC 

h)  '  dr 

he 

r  1  /AP.„\ 

"{h)' 

l(h}\  p  ) 

1/2- 
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(pAP,*)'/*’ 


^2 


=  (l 


Pg(h) 

AP.ff 


[A19;A20] 


and  (A)  is  a  reference  height  of  some  arbitrary  (but  con¬ 
venient)  value.  It  should  also  be  noted  that  the  term  con¬ 
taining  K2  has  been  neglected,  since  it  is  small  compared 
to  the  term  containing  Ki. 

For  the  system  being  studied,  A|  is  large  relative  to 
the  other  terms  on  the  left  side  of  the  equation,  once 
infiltration  has  been  initiated.  Consequently,  these  terms 
may  be  neglected  by  comparison;  thus,  on  integrating, 
the  approximate  solution  obtained  is 


=  f  {or  hcat^'^) 
2  A| 


[A21] 
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Abacraet 

Fonacion  of  incerfacial  ehaaical  bonds  between 
the  ■sting  Burfacea  is  treated  as  the  critical  ewant  in 
the  wetting  of  caraaics  by  aoltan  aatals.  The  oxide 
layer  present  on  the  Boltan  aetal  acta  as  a  barrier  to 
interfacial  reaction.  Transport  of  aaterial  through  this 
oxide  layer  is  treated  as  the  rate  controlling 
phanoaenea.  The  observed  wetting  behavior  of  aolten 
aatals  on  caraaica  is  explainad  using  this  approach. 
Experiaental  data  available  in  the  literature  is  used  to 
estiaate  an  activation  energy  for  the  process.  Concepts 
froa  point  defect  chaaiatry  are  used  to  classify  the 
various  aatals  according  to  the  nature  of  oxide  they 
fora  and  relate  the  ngture  of  oxide  to  the  observed 
wetting  behavior.  Oxi^a  that  exhibit  stoichioaatric 
coapoaitions  are  protaetive  in  nature,  and  the 
corresponding  aatals  exhibit  a  tiaa  dependant  wetting 
behavior.  Altaiinua,  aagnesliai  and  chreaiua  do  net 
instantly  wat  ceraaics  for  this  reason.  Conversely,  non* 
stoichioaaerlc  oxides  of  titsniua,  aanganaao  and 
■olybdanua  possess  sufficient  Isttiee  and  electronic 
defects  to  rapidly  transport  the  aetsl  ions  across  the 
oxide  layer.  Doping  the  oxide  lattice  can  altar  the 
transport  behavior  of  astorisl  through  the  oxide 
lattice . 


A  liquid  is  defined  to  wot  a  ceraaie  when  the 
liquid  spreads  to  fora  an  Intlaata  contact  on  the  solid 
surface.  Wetting  in  astal-ceraalc  systsas  occur 
essentially  by  ehaaical  bond  fomacion.  In  an  earlier 
study,  a  theraodynaale  approach  was  used  to  predict  the 
watting  behavior  of  liquid  astal  on  coraaic  aubatrstea 
(1) .  Watting  was  treated  sa  a  surface  phanoaenen.  It  was 
established  that  wetting  occurs  when  the  liquid  aatal 
has  sufficient  theraodynaale  activity  to  reduce  the 
surface  phase  of  the  ceraaic;  surface  phase  is  aore 
aaenable  for  reduction  than  the  bulk  of  the  astorial. 

Reactions  aencioned  ^ove  are  possible  only  when 
the  liquid  aetsl  is  available  at  the  ceraaic  surface  for 
intorfacial  phase  foraation.  At  experlaentally 
attainable  oxygen  partial  pressures,  aost  aatals  fora  an 
oxide  layer  that  is  a  few  k  thick  on  the  surface.  In 
Joining,  tho  braxe  natal  is  aelted  in  between  the  two 
ceraaic  coaponents ,  idiile  soae  aetal'aacrlx  eeaposite 
■aterials  are  fabricated  by  infiltrating  the 
rainforceaant  wldi  the  aolten  aetsl.  In  both  cases  the 
existing  environaental  gas  alxture  is  adsorbed  on  tho 
ceraaic  surfaces .  When  the  liquid  aetsl  cones  in  contact 
with  tho  earanic,  it  oxidises  froa  diis  adsorbed  gas 
aixture.  This  situation  is  described  schaaatically  in 
Figure  1.  The  liquid  astal  reacts  with  oxygen  in  the 
environaental  gas  aixture  accerdiiy  to  the  following 


equation: 


yM  ♦  |0,  -*  M,0,  <1) 


The  oxygen  partial  pressure,  Poj  required  for  this 
reaction  to  occur  is  given  by: 


pO, 


,m) 


(3) 


where  k  is  the  reaction  constant,  AC*  is  the  standard 
free  energy  change  for  reaction  in  Eqn.  1,  R  is  the  gas 
constant  and  T  is  the  teaperature  in  degree  Kelvin.  The 
oxygen  partial  pressures  required  to  oxidize  aany 
reactive  aetals  can  be  calculated  using  theraodynaale 
handbook  data  (2) .  The  oxygen  partial  pressures  shown  in 
Table  I  are  calculated  for  a  reaction  at  1300*  K. 


b)  Compoeitea  Processing 
Figure  1 


Scheaatic  Representation  of 
Foraation  of  an  Oxide  Barrier 


the 
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Table  I.  Oxygen  Parclal  Pressures  Required  to 
Fon  an  Oxide  Layer  at  1300*C 


Metal 

Oxide 

AC® 

kJ/aole 

Poa 

atu 

Al 

a-Al20j 

-1262.18 

1.8  10-’* 

«S 

HgO 

-458.15 

1.5  10-” 

Cr 

Cr,0, 

-799.86 

3.7  10*“ 

T1 

TiO, 

•726.96 

6.1  10-’* 

Mn 

HnO 

•289.61 

5.2  10-** 

No 

MoOj 

-355.17 

5.3  10-” 

The  adsorbed  envlronaental  gas  alxtura  Invariably 
contains  oxygen  gas  at  a  partial  praaaura  of  above  10'^^ 
atas.  Therefora,  a  solid  oxide  layer  foras  between  the 
aetal  and  the  ceraale  when  a  drop  of  liquid  aatal  coaes 
In  contact  with  the  surface  of  the  solid.  Hence,  a 
reaction  between  the  aolten  aetal  and  the  earaalc  la 
possible  only  whan  the  sMtal  overcoaas  the  protective 
nature  of  the  oxide  layer. 

In  the  following  section  on  wetting  behavior,  the 
Inforaatlon  available  In  the  literature  concerning  the 
role  of  oxide  barriers  In  the  wetting  of  ceraalcs  by 
aolten  aetals  and  alloys  Is  suaaarlsed.  A  transport 
aodel  that  atteapts  to  explain  the  observed  behavior  Is 
described.  The  effect  of  alloying  and  other 
characteristics  of  transport  through  the  oxide  layer  are 
discussed  In  the  final  section. 

Bettlne  lehavlor 

Liquid  alualnua  does  not  readily  wet  aost  sollda 
because  the  oxide  layer  prevents  the  aetal  froa  any 
possible  reaction.  Foundryaen  have  effectively  taken 
advantage  of  this  phenoaena;  they  use  peraanent  aoulda 
aada  of  graphite  to  cast  alualnua  coaponents.  Alualnua 
does  not  wet  the  would,  even  when  a  chealcal  reaction 
between  alualnua  and  graphite  Is  theraodynaalcally 
favorable,  because  of  the  oxide  barrier. 

Prograas  alaed  at  developing  coaaerclal  alualnua 
aatrlx  coaposites  have  deaonstrated  soae  Ingenious  ways 
to  produce  coaMorclally  viable  coaponents.  Hechanlcal 
destabilisation  of  the  oxide  layer  foraed  on  the  aolten 
aetal  (3]  and  oxidation  of  the  aatal  to  fora  an  Insltu 
caraalc  relnforceaant  [4]  are  sosm  of  the  axaaplea. 

Hattablllty  studies  perforaed  using  liquid 
alualnua  on  caraalc  substrates  have  identified  a  tlae 
dependence  In  the  wetting  behavior  [5,6].  Below  1223*K 
there  exists  an  Incubation  tlsM  before  liquid  alualnua 
can  wet  the  caraalc.  Above  1223*C  wetting  Is  aore  or 
less  instantaneous.  This  kind  of  a  transition  behavior 
has  been  observed  In  aany  ceraalcs  such  as  silicon 
carbide  [5],  alualnua  oxide,  [6]  carbon  [7]  and  tltanlxa 
borlda.  Many  studies  have  attributed  this  transition 
behavior  to  the  oxide  layer  that  foras  on  liquid 


alualnua  [5,6,8]. 

Laurent  et.  al.  have  studied  the  wetting  behavior 
of  al\ialnua  on  silicon  carbide  as  a  function  of  tlae 
[S] .  They  used  the  sessile  drop  technique  to  aeasure  the 
contact  angle;  a  aolten  drop  of  alualnua  was  placed  in 
a  controlled  ataosphere  on  the  ceraalc  substrate,  and 
the  solid  angle  subtended  by  the  liquid  drop  on  the 
aetal  was  aeasured  by  an  optical  alccoscope .  They 
aeaaured  the  contact  angle  as  a  function  of  tlae  at 
three  different  teaperatures .  The  results  obtained  In 
their  study  are  shown  In  Figure  2. 

Alloying  liquid  alualnua  alters  the  transition 
taaporatura.  Transition  teaperature  Is  the  teaperature 


Figure  2  Contact  Anglo  as  Function  of  Tlae  for 
Alualnua  on  Silicon  Carbide  [5] 


above  which  wetting  occurs  Instantaneously  [8].  Table 
II.  suaaarlses  the  effect  of  alloying  on  the  transition 
teaperature  (after  Warren  [8]).  Also,  Laurent  et.  al.. 
In  the  study  aentioned  earlier,  found  a  aoderate 
decrease  In  the  transition  teaperature  after  alloying 
liquid  alualnua  with  silicon  [5]. 

The  oxide  barrier  problea  has  been  identified  only 
In  the  case  of  liquid  alualnua.  However,  aetals  such  as 
titaniua,  aanganese  and  aolybdenua  also  fora  oxide 
layers  at  any  experlaentally  attainable  oxygen  partial 
pressures  (Table  I).  Titaniua,  In  fact.  Is  the  essential 
coaponent  in  the  developaent  of  active  braze  aaterlal 
[9].  A  few  percent  titaniua  Is  sufficient  to  wet  aany 
ceraalcs,  such  as  alualnua  oxide,  carbon,  graphite, 
silicon  carbide  [10],  The  saae  Is  true  for  aolybdenua 
and  aanganese;  these  two  aetals  have  been  used,  for  a 
long  tlae.  In  aetal-ceraalc  sealing  applications  [11]. 
No  evidence  of  a  protective  oxide  layer  on  these  aetal 
surfaces  has  been  reported. 

Not  all  effects  of  the  oxide  layer  are 
deleterious.  Host  aetal-ceraalc  Intarfaclal  phases  are 
relatively  brittle,  and  a  large  Interfaclal  zone 
foraatlon  results  In  a  preaatura  failure  of  the 
coaposite  [8].  Using  silicon  carbide  as  an  exaaple 
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Tabla  II.  Tha  Wactlng  Tranaltlon  Teaparacuraa  of 
a-SlC  Single  CrysCala  With  Al-Alloya 

(81 


Altoy  (weight  X) 

Wetting  trsnsition 
temperature  (*C) 
for  8  «  90* 

Pure  Al 

960 

AlUgSil 

920 

AlCuMgl 

1010 

AiCuMg2 

990 

AIZnMgCul.S 

900 

AKZMn 

1030 

AKSMn 

930 

Ak2Ni 

103S 

At-5.7Ni 

1080 

AI-IC0 

1060 

A»-2Co 

102s 

M-La(2-6) 

1025 

«-Cs(5-10) 

1070 

caraaic,  according  Co  tha  reaction  theraodynaalea ,  the 
following  reaction  can  occur  at  tha  aurfaee; 

4A1  ♦  3SiC  ••AI4C,  ♦  3Si  (3) 

Tha  AC,  for  tha  above  reaction  la  negative;  hence, 
alualnua  hae  aufflclant  tharaodynaalc  activity  to  reduce 
the  bulk  of  alllcon  carbide.  Therefore,  a  stable 
Interface  can  never  be  foraed  between  liquid  aluaUnua 
and  silicon  carbide.  Alualnua  carbide  formation  can  only 
be  Halted  by  the  kinetics.  The  oxide  barrier  that  foras 
on  the  alualnua  surface  provides  a  good  control  on  the 
kinetics  of  reduction,  and  prevents  an  explosive 
reaction  batwean  the  ceraalc  and  alualnua.  However,  the 
oxide  layer  that  foras  on  titanlua  la  not  protective  In 
nature  titanlua  reacts  rapidly  at  any  Interface  where  a 
tharaodynaalc  driving  force  for  reaction  Is  present. 
This  problea  has  been  observed  In  studies  of  the  SlC-Tl 
(8]  Interface.  Therefore,  knowledge  of  the  origin  and 
nature  of  oxide  barrier  protection  could  be  an  affactlve 
tool  to  control  tha  kinetics  of  Interface  foraatlon.  Tha 
aachanlsa  of  this  barrier  protection  and  tha  reason  for 
the  tlaa  dependence  of  this  phonoaena  are  not  fully 
understood.  The  following  section  describes  one  possible 
aeehanlsa  to  explain  the  observed  behavior. 

Transport  Hodel 

Tha  observed  experlacntal  anoaalles  can  be 
explained  using  a  transport  aodel  that  treats  the 
diffusion  of  aatal  Ions  through  the  oxide  lattice  as  the 
rate  controlling  step  for  watting. 

The  Inverse  of  tlae  taken  for  a  transition  froa 
non-wetting  to  wotting  (tlae  whan  the  contact  angle 
reaches  90")  can  bo  defined  as  tha  watting  rate.  This 
Inforaatlon  Is  available  as  a  function  of  teaperatura 
for  liquid  alualnua  In  contact  with  silicon  carbide  (5] 
and  Is  used  here  to  estlaate  the  activation  energy 
Involved  in  the  wetting  kinatlcs. 

An  Arhennlus  aquation: 


1 

t 


Ae 


(4) 


Is  used  to  analyze  the  experlaental  data.  Using  the 
wetting  rate  (1/t)  data  at  different  teaperatures  an 
activation  energy,  Q  was  calculated  to  be  301  Kj/aole. 
This  activation  energy  aeasures  the  slowest  of  the 
various  tlae  dependent  wetting  phenoaena. 

Dlffuslonal  creep  studies  have  been  used  to 
aeasure  the  Intrinsic  and  extrinsic  diffusion 
coefficients  In  ceraalc  aaterials.  Corden  [12]  has 
tabulated  both  the  grain  boundary  and  lattice  diffusion 
coefficients  for  alualnua  diffusion  In  alualnua  oxide. 
Froa  his  analysis,  the  activation  energy  for  alualnua 
diffusion  In  alualnua  oxide  Is  In  the  range  of  400 
KJ/aole.  The  diffusion  of  the  alualnua  Ions  through  the 
oxide  barrier  could  be  the  rate  controlling  step  in  the 
wetting  of  silicon  carbide  by  alualnua. 

The  necessary  inforaatlon  to  prove  If  transport  of 
alualnua  Is  the  rate  controlling  step  In  the  non-wetting 
to  wetting  transition  cannot  be  obtained  froa  sessile 
drop  experiaents.  The  contact  angle  Is  a  function  of 
aany  factors.  Surface  porosity  has  a  strong  influence  on 
the  spreading  behavior.  Furtheraore,  the  rate  of  change 
of  contact  angle  Is  not  an  accurate  aeasure  of  the 
activation  process.  A  direct  aeasure  of  the  fractional 
foraatlon  of  Interfaclal  phase  would  be  a  better 
paraaeter  with  which  to  study  the  activation  process .  An 
unequivocal  conclusion  cannot  be  obtained  unless 
independent  experiaents  are  perfonsed  to  Identify  the 
kinetics  of  the  Interfaclal  phase  foraatlon.  Experiaents 
of  this  nature  are  In  progress  at  the  Colorado  School  of 
Hines . 


OXIDE 


Figure  3  Scheaatlc  Representation  of  the 
Transport  Processes  Involved  In  The 
Interface  Foraatlon 


Figure  3  shows  a  scheaatlc  representation  of  the 
transport  processes  involved  during  the  Interface 
foraatlon.  The  oxide  skin  foras  on  the  liquid  aetal 
using  the  oxygen  froa  the  adsorbed  ataospherlc  gases. 
The  thickness  of  the  skin  Is  related  to  the  aaount  of 
oxygen  that  Is  adsorbed  on  the  surface.  In  reducing 
ataospheres  It  could  be  very  low.  Once  all  the  adsorbed 
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oxygan  ia  daplacad,  furthar  transport  of  aluainua  Ions 
rasults  In  tha  foraatlon  of  alualnua  earbida  at  tha 
Intarfaca.  Diffusion  of  tha  natal  through  tha  oxlda 
raqulras  tha  transport  of  both  tha  natal  Iona  and 
alactrons.  Tha  natal  atons  ionlza  at  tha  natal/oxlda 
Intarfaca  and  diffttsa  through  tha  lattlca.  For  tha 
raactlon  batwaan  tha  alunlnun  loos  and  tha  caranlc  to  bo 
conplata,  tha  alactrons  fron  tha  oxlda/natal  intarfaca 
nust  roach  tha  oxida/coranic  intarfaca.  Transport  of 
natal  ions  is  dopandant  upon  tha  concantration  of  tha 
natal  ion  vacancias  or  Intarstltlala  in  tha  oxida  - 
vaeancias  nora  of tan  than  interstitials. 

Transport  of  natal  ions  in  ionic  natarial  la 
treated  nathanatlcally  using  tha  difftision  coafficiant, 

Dxi  -  YiMv£[]exp“^ 

where  7  is  tha  Oebya  frequency,  1  la  the  Junp  diatanca, 
(Vai'”]  is  the  concantration  of  vacant  alunlnun  aitaa, 
and  is  tha  free  energy  for  notion. 

Tha  electron  transport  is  dependant  upon  tha 
concantration  of  the  alactronlc  defects,  kacauaa  alunina 
is  a  wide  band  gap  natarial  (band  gap»  8.2  eV)  tha 
oqulllbrlun  electronic  defect  concantration  at  low 
tenperaturea  (T<  1600*C)  is  vary  low;  tharafora, 
alxininun  oxide  ia  a  insulator  at  thaaa  tanparaturas .  Tha 
equilibrlun  nunbar  of  vaeancias  and  alaetronie  dafaets 
in  tha  oxida  are  datemlned  by  tha  free  energy  of 
fomation  of  various  dafaets  -  intrinsic  and  extrinsic. 
Tha  eoncantraciona  of  thasa  defects  can  be  nanipulatad 
vary  effectively  using  a  good  understanding  of  tha  point 
defect  chanistry. 


for  the  tenperature  of  interest  will  doninate  the  defect 
propartias.  If  the  reaction  shown  in  Eqn.  6  were  to  be 
the  donlnant  reaction  at  tha  tenperature  of  interest 
(assunlng  that  sufficient  electronic  defects  exist)  the 
excess  V^i  would  enhance  Che  diffusion  of  alunlnun 
through  Che  oxide  lattice.  This  is  identically  true  for 
any  supervalenc  alloying  alanant  such  as  silicon, 
citanlun,  tirconlun  that  is  present  in  the  alunlnun 
oxida  lattice. 

Exparinencal  evidence  indicates  that  the 
suparvalanc  additions  Co  liquid  alunlnun  decrease  tha 
wetting  transition  tenperature  (Table  II).  Also,  the 
diffusion  coefficient  for  lattice  and  grain  boundary 
diffusion  coefficient  decreases  by  three  orders  of 
Mgnitude  when  alunlnun  is  alloyed  with  suparvalanc 
alanents  [12]. 

A  aubvalanc  alloy  addition,  on  the  contrary, 
decreases  the  vacant  alunlnun  ion  concentration 
according  to  the  following  reaction: 

2ViJ  ♦  Li,0  2LLSx  *  l/20j  ♦  2e'  <7) 

Defaces  can  ba  fomed  in  Che  oxida  lattice  sisqply 
by  virtue  of  the  equllibriun  oxygan  partial  pressure. 
The  free  energy  of  fomation  is  a  conacanc  at  a  given 
tenparatura  for  all  natal  oxides.  Therefore,  a 
scoichionetrlc  oxide  can  be  in  equllibriun  with  its 
parent  neCal  only  at  a  particular  oxygen  partial 
pressure.  For  any  netal  oxida  MO,  if  tha  surrounding 
partial  pressure  is  different,  one  of  the  following  two 
reactions  occurs: 

1/20,  •*  O,  ♦  vS  *  3h*  (•) 


Point  Defect  Chanlstrv 

Defects  in  a  natarial  can  ba  treated  as  separate 

species  and  unique  chemodynanic  properties  can  be 
associated  with  these  defects.  Therefore,  tha 
standard  Chemodynanic  equations  can  be  used  to 
decamine  the  equllibriun  concentrations  of  these 
defects. _Oxida  natarials  contain  three  types  of  native 
defects:  Schoccky,  cation  Frenkel  and  anion  Frenkel 
defaces. 

In  pure  alunina,  the  vacant  alunlnun  ion 
concentration  is  a  sun  of  contributions  fron  the  Frenkel 
and  Schoccky  defects.  To  naka  an  escinace  of  Che 
kinetics  of  diffusion  of  the  cations,  prior  knowledge  of 
the  free  energy  of  fomation  of  Chase  defects  is 
essential.  Theoretical  nodaling  studies  have  evaluated 
Che  enthalpies  of  point  defect  fomation  to  a  reasonable 
accuracy  [13]. 

Uhan  liquid  alunlnun  is  alloyed,  the  oxide  layer 
that  foms  on  Che  natal  ia  auconacically  doped  with  the 
alloying  addition.  To  alleviate  the  nass  and  charge 
tid>alance  created  by  the  presence  of  inpuricias  in  Che 
oxida  lattice,  nora  vacancias,  incerscicials  or 
electronic  defects  ere  created.  Tha  actual  vacancy 
concentration  is  a  function  of  the  concentration  of  the 
Inpurity  aeon  present  in  the  oxida  lattice.  For 
axanpla,  Che  oxida  layer  on  an  aluninun-ailicon  alloy 
would  be  doped  with  silicon;  this  can  ba  created  in 
point  defect  chanistry  by  writing  a  defect  reaction  for 
silicon  dioxide  in  alunlnun  oxide  as  follows: 

3  SiO,  381;,  ♦  6O0  ♦  v£[  (•) 

The  above  reaction  is  only  one  of  nany  defect  reactions 
that  can  occur .  The  reaction  with  the  lowest  free  energy 


O,,  1/20,  *Vo*  2e'  (») 

The  nagnicude  of  Che  difference  between  Che 
environnental  partial  pressure  and  Che  scoichionetrlc 
partial  pressure  together  with  Che  free  energy  change 
associated  with  Che  above  reactions  control  the  extent 
Co  which  the  vacancias  and  electronic  defects  are 
present  in  the  nacerlal. 

The  presence  of  vacancies  causes  a  deviation  fron 
Che  scoichionetrlc  natal: oxygen  ratio  of  1:1.  The 
deviation  can  be  represented  nathenaclcally  as  tfOiT. 
where  x  is  the  non- stoichiona trie  paraneCer.  For  necal- 
oxides  like  citanlun  oxide,  x  can  vary  fron  0  to  0.35. 
Table  III  shows  Che  exparinancally  neasured  x  values 
fron  Che  nonograph  on  non-scoichionatry  [lA].  It  is 
obvious  fron  the  cable  chat  the  oxides  of  necals  with 
nultiple  oxidation  states  show  largo  deviations  fron 
stoichionetry.  Consider  the  citanlun  oxide  lattice.  If 
sons  tlcaniun  ions  in  the  lattice  are  pronoted  Co  a 
higher  oxidation  state,  nora  equllibriun  vacancies  are 
created: 

1/20,  ♦  Ti?,  Ti~  *  *  Vti  (20) 


The  free  energy  change  for  the  above  reaction  can  be 
expected  Co  be  reasonably  snail.  Therefore,  naterial 
transport  through  the  Citanlun  oxida  lattice  can  occur 
with  relative  ease.  In  contrast,  a  reaction  of  the  type 
shown  in  Eqn.  10  does  not  occur  in  alunlnun,  nagnesiun 
or  chroniun.  Therefore,  they  fom  stable  oxide  layers. 
This  explains  why  alunlnun,  nagnesiun,  and  chroniun 
bracing  consueables  are  not  conamnly  used. 

The  netal-ceranic  wetting  literature  shows 
evidence  Chat  Citanlun,  zirconiun,  nanganese  and 
nolybdenun  have  been  repeatedly  used  in  the  industry  to 


Tabla  III.  Non*SCoichloMCry  Paraaecer  X  for 
Various  Natal  Oxldas  [14] 


Oxide 

Non-Stolchloaetry  (X) 

TiO 

-0.35  -  +0.35 

MnO 

-0.15  -  +0.15 

FeO 

+0.1 

NIO 

+0.001 

CtiOj 

not 

NgO 

aeasurable 

AljO, 

(<  -0.0005) 

proaota  wotting.  Balng  reactlva,  thay  possaas  tha 
tharaodynaalc  activity  to  raact  with  aost  caraalc 
coapounda .  Howavar ,  anothar  advantago  with  those  aatals 
la  Chair  aulclpla  oxidation  scatas;  a  largo  vacancy 
concancratlon  In  thalr  oxlda  lattlca  causes  a  rapid 
transport  of  aatal  Ions  through  the  oxlda  layer. 

Conclualons 

The  fallowing  conclusions  can  ba  drawn  froa  the  provlous 
discussion: 

1  Transport  through  the  Intervening  oxide  layer  Is 
Che  rate  controlling  phenoaena  In  the  wetting  of 
caroalcs  by  aolcen  aetals. 

2  Metals  with  aulclpla  oxidation  states  fora  oxldas 
with  a  largo  degree  of  non-sColchloaecry;  and 
charafore  wet  caraalc  subscrates  Instantly 
because  the  Ionic  transport  through  such  oxide 
barrier  Is  very  rapid. 

3  Tlaa  dependent  wetting  by  stable  oxide  foraers  Is 
related  to  the  rate  of  aatarlal  transport  through 
Che  oxide  lattice;  alloying  additions  Co  the 
aolcan  aatal  can  altar  Che  rate  of  aatarlal 
transport . 
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Modeling  of  Brazing  Processes  That  Use 
Coatings  and  Interlayers 


J3 


Transport  behavior  of  chemical  elements  at  the  braze 
interface  is  emphasized  in  the  modeling  of  three  coatings 

BY  S.  UU,  D.  L  OLSON,  C.  P.  MMtTIN  AND  C.  R.  EDWMIDS 


ABSTRACT.  The  possibility  of  using  the 
new  coating  technologies  in  brazing  is  ex¬ 
amined.  By  depositing  one  or  more  layers 
of  filler  metals  on  the  joint  surfaces,  tradi¬ 
tionally  difficult-to-join  materials  can  be 
brazed  together,  ^rrier  coatings,  coat¬ 
ings  for  dissolution-solidification,  and  re¬ 
active  metal  coatings  (interlayers)  are  the 
three  different  groups  of  coatings  dis¬ 
cussed.  To  control  brazing,  the  optimal 
amount  of  coating  applied  must  be  deter¬ 
mined  and  the  interfacial  chemical  reac¬ 
tions  must  be  urxierstood,  with  the  char¬ 
acterization  of  the  products  that  result  in 
the  braze  metal.  Mathematical  modeling 
of  brazing  using  the  three  types  of  coat¬ 
ings  is  performed  to  describe  the  trans¬ 
port  of  chemical  elements  at  the  braze  in¬ 
terface. 

Introduction 

The  brazing  of  advanced  engineering 
materials,  and  especially  dissimilar  materi¬ 
als,  is  coupled  to  the  effective  use  of 
coatings.  The  most  obvious  application  is 
to  use  the  coating  process  to  establish  a 
highly  wettable  surface  for  the  liquid  filler 
metal.  The  coating  may  also  be  used  as  a 
barrier  when  the  brazing  filler  metal  is  in¬ 
compatible  with  the  base  material,  to 
avoid  diffusion  of  certain  alloying  ele¬ 
ments  and  to  prevent  intermetallics  for¬ 
mation. 

Recent  approaches  (Ref.  1-3)  to  coat¬ 
ing  technology  in  brazing  recognize  that 
coatings  are  no  longer  just  an  intermediate 
passive  barrier,  but  they  take  an  active 
part  in  the  brazing  process.  Mass  trans¬ 
port,  either  from  the  brazing  filler  metal 
into  the  base  material  or  the  dissolution  of 
the  coating  into  the  braze  metal,  can  pro¬ 
mote  physical  changes,  such  as  increasing 
the  liquidus  temperature  of  the  braze 
metal,  which  affect  significantly  the  braz¬ 
ing  process.  With  proper  selection  of  the 
coating  material  and  brazing  filler  metal. 
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very  consistent  brazing  processes  can  be 
developed.  The  control  of  the  chemical 
composition  and  thickness  of  the  coating 
layers  are  far  more  critical  than  that  re¬ 
quired  in  traditional  brazing  filler  metals. 
This  paper  places  emphasis  on  the  existing 
coating  technology  applied  in  brazing  and 
presents  an  analysis  of  the  mass  transport 
behavior  of  these  advanced  coating-braz¬ 
ing  processes.  With  the  proper  under¬ 
standing  and  knowledge  of  the  behavior 
of  these  coatings,  filler  metals  and  pro¬ 
cessing  conditions  can  be  selected  ac¬ 
cording  to  sound  engineering  principles.  It 
is  postulated  that  joining  of  difficult-to-join 
materials  should  be  possible  by  applying 
multiple  coatings,  which  create  conditions 
such  as  wetting  and  chemical  affinity  be¬ 
tween  the  faying  surfaces. 

Braziiig  Coating  Technology 

There  are  many  ways  to  apply  coatings 
on  parts  to  be  brazed.  They  are:  1)  elec¬ 
trolytic:  electroplating  or  electroless  dep¬ 
osition;  2)  thermal:  dip  coating,  barrel 
coating,  roller  coating,  flow  melting,  etc.; 
3)  surface  modification;  cladding,  thermal 
spraying,  plasma  spraying,  etc.;  and  4) 
physicochemical:  sputtering  deposition, 
vapor  deposition,  ion  implantation,  etc. 
Since  both  chemical  homogeneity  and 
thickness  are  important  properties  of  a 
coating,  the  coating  procedure  must  be 
well  controlled.  For  components  that  re¬ 
quire  critical  dimensional  control,  continu¬ 
ous  sputter-cleaning  and  vapor  deposi¬ 
tion-type  processes  are  preferred  be¬ 
cause  of  the  uniform  adhesion  obtained  at 
the  interfaces. 

Three  different  coating  schemes  are 
described  below,  each  serving  a  specific 
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function  in  brazing.  They  are;  1)  barrier 
coatings,  2)  reactive  metal  coatings,  and  3) 
coatings  for  dissolution-solidification. 

Banier  Coalings 

It  has  been  common  practice,  when  no 
known  suitable  brazing  filler  metal  is  avail¬ 
able  for  the  materials  to  be  joined,  to  use 
a  coating  that  can  be  wetted  by  the  liquid 
braze  (Ref.  4).  The  coating  also  serves  as 
a  barrier  between  the  base  metal  and  the 
braze  during  processing.  A  barrier  layer 
must  be  dense,  ductile  and  free  from  de¬ 
fects  such  as  voids.  It  must  also  show  good 
adhesion  and  wetting  toward  both  the 
base  and  filler  metals.  Copper-phospho¬ 
rus  filler  metal  had  been  us^  in  the  past 
to  join  ferrous  alloys;  however,  intergran¬ 
ular  penetration  of  phosphorus  was  ob¬ 
served  to  promote  subsurface  embrittle¬ 
ment  of  the  joint.  A  thin  undercoating  of 
nickel  reduced  phosphorus  diffusion  and 
provided  good  wetting  for  the  copper- 
phosphorus  filler  metal  (Ref.  5).  Similar 
techniques  are  used  in  soldering  brasses. 
A  1-  to  2-Mm-thick  layer  of  nickel  or  cop¬ 
per  barrier  coating  is  often  used  to  avoid 
zinc  diffusion  to  tin  or  tin-lead  filler  metals 
(Ref.  6).  In  electronic  packaging,  tin-lead 
alloys  alone  will  not  wet  a  ceramic  sub¬ 
strate.  A  layer  of  silver  or  gold  of  adequate 
thickness  is  often  deposited  to  provide  a 
wettable  surface  for  the  tin-lead  alloys 
(Ref.  4). 

Sometimes  the  barrier  coating  scheme 
may  require  a  double  coating.  Material  for 
the  first  layer  is  selected  for  its  compatibil¬ 
ity  with  the  base  metal  and  the  second 
layer  (overlayer  or  outer  coating)  is  used 
to  promote  wetting  with  the  liquid  braz¬ 
ing  filler  metals,  as  illustrated  in  Fig.  1.  The 
primary  layer  is  generally  a  transition  metal 
solution  containing  polyvalent  elements 
such  as  titanium,  manganese,  zirconium, 
tantalum,  or  molybdenum,  where  the 
polyvalent  states  increase  the  bonding 
tendency.  The  second  layer  is  usually  a 
thin  layer  of  noble  metal  which  provides 
a  surface  that  is  oxide-free,  or  with  a  very 
thin  oxide  layer  which  readily  decom¬ 
poses  or  dissolves  djring  brazing.  Such 
oxygen-free  surfaces  have,  in  general. 


WELDING  RESEARCH  SUPPLEMENT  1 207-$ 


Brasinc  rui«r  Ifotal 


Noble  Meiel  Coetinf 


■Trensitlon  Metel  Barrier  Coating 


Baae  Metal 


fig.  1- Schematic  diagram  showmg  the  noble 
metal  and  transition  metal  barrier  coatings 
inserted  between  the  base  metal  and  the  braz¬ 
ing  fiHer  metal. 

high  surface  energy  and  offer  excellent 
wettability.  Metals  such  as  silver,  gold  and 
copper  serve  this  function,  requiring  little, 
if  any,  fluxing  agent.  The  double  coating 
scheme  will  also  allow  for  longer  brazing 
times  since  the  thickness  of  the  outer 
coating  can  be  adjusted  to  satisfy  the 
needs  of  specific  thermal  processing  cy¬ 
cles. 

Reactive  Metal  Coatings 

The  use  of  reactive  metals  in  brazing  has 
been  shown  to  promote  the  formation  of 
a  thin  interlayer  between  the  brazing  filler 
metal  and  the  base  metal  (Refs.  12-15). 
This  layer  promotes  adhesion  between 
the  faying  surfaces  of  similar  and  dissimi¬ 
lar  materials.  Hence,  the  resulting  strength 
of  the  braze  is  dependent  upon  the  nature 
of  the  product  layer  and  its  thickness.  An 
example  is  the  use  of  titanium  in  noble- 
metal-based  brazing  filler  metals  for  the 
joining  of  metals  to  ceramic  materials.  Ti¬ 
tanium  in  the  liquid  braze  metal  reacts  with 
the  substrate  to  form  a  thin  reaction  layer 
as  shown  in  Fig.  2.  This  product  layer  can 
be  a  complex  oxide  such  as  CujTUO  and 
CuaTiaOj,  or  an  intermetallic  compound, 
depending  whether  the  base  material  is  an 
oxide  ceramic  or  a  metal.  Certain  types  of 
complex  oxide  (for  example,  (Cr,Mn, 


Fig.  3  -An  isomorphous  copper-nickel  binary 
phase  (Sagram  showing  the  soklus  andKqukkjs 
compositions  at  the  brazk^  temperature,  Ta 
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Fig.  2 -Schematic  drawing  showing  the  formation  of  a  reaction  layer  between  the  substrate  and 
brazing  filler  metal. 


Mg)0.(Cr,Mn,AI)203  spinel)  also  promote 
adhesion  between  ntetal  and  oxides  as 
observed  in  the  case  of  poor  slag  detach- 
ability  in  stainless  steel  welding  (Ref.  16). 
The  characterization  and  understanding 
of  the  crystal  structure  and  microstructure 
of  the  product  layers  must  be  carried  out 
so  that  adequate  process  control  can  be 
achieved. 

The  thickness  of  this  layer  will  depend 
on  the  reaction  kinetics,  which  is  a  func¬ 
tion  of  the  reactive  metal  content,  diffu¬ 
sion  of  species  through  the  product  layer, 
brazing  time  and  temperature.  Brazed 
joints  with  inadequate  product  layer  thick¬ 
ness,  the  result  of  improper  brazing,  may 
not  meet  the  mechanical  requirements 
specified  for  the  joint.  Hence,  the  use  of 
reactive  elements  as  brazing  filler  metal  is 
a  mass  transport-based  technology  that 
must  be  investigated  and  understo^. 

Coatings  for  DbsohitioivSoHdHicalion 

Some  coatings  are  deposited  for  the 
purpose  of  dissolution  and  solidification, 
in  contrast  to  the  pas^e  barrier  coatings, 
these  dissolution-solidification  coatings  are 
considered  active  because  of  their  contri¬ 
bution  to  the  braze  metal  composition 
and  its  thickness.  A  good  example  is  the 
transient  liquid  phase  (TLP)  bonding.  TLP 
bonding  is  a  diffusion  brazing  process  that 
combines  the  features  of  both  brazing 
and  diffusion  welding  (Refs.  7-9).  It  uses  as 
filler  metal  a  thin  interlayer  or  brazing  filler 
metal  of  specific  composition  and  melting 
temperature.  At  the  bonding  tempera¬ 
ture,  the  interlayer  may  melt  or  a  liquid 
may  form  by  alloying  between  the  inter¬ 
layer  metal  and  the  base  metal.  The  liquid, 
by  capillary  action,  fills  the  joint  clearance 
and  contributes  to  the  elimination  of  voids 
at  the  braze  interface.  While  the  joint 
members  are  held  at  the  bonding  tem¬ 
perature,  diffusion  of  alloying  elements 
occurs  between  the  liquid  and  base  metal. 
Isothermal  solidification  of  the  joint  results 
because  of  the  solute  composition  change 
in  the  braze.  Maintaining  the  joint  at  the 
bonding  temperature  after  s^ification 


will  promote  further  homogenization  of 
the  chemical  composition  and  microstruc¬ 
ture.  Solid-state  diffusion  of  elements 
away  from  the  interfacial  region  reduces 
the  initially  large  chemical  composition 
gradient,  avoiding  the  formation  of  inter- 
metallics  at  the  braze.  An  element  of  high 
mobility,  both  in  the  liquid  and  soUdiM 
braze  metal,  will  decrease  the  time  for 
completion  of  the  TLP  process. 

As  an  example,  consider  the  brazing  of 
nickel  (or  a  cupronickel  alloy)  with  a  pure 
copper  filler  metal  of  half-thickness,  Wq.  It 
can  be  seen  in  the  phase  diagram  (Fig.  3) 
that  when  the  temperature  of  the  joint  is 
raised  to  the  brazing  temperature  Tb  (Tg 
being  greater  than  the  melting  point  of 
copper),  the  copper  melts  and  the  solid 
nickel  interface  is  enriched  with  copper, 
X*Cu1tb'  which  towers  its  liquidus  tempera¬ 
ture  to  Tb  (quasi-equilibration).  Mass  trans¬ 
fer  of  copper  from  the  liquid  phase  pro¬ 
ceeds  to  dissolve  the  nickel  base  metal 
and  simultaneously  enrich  the  liquid  phase 
with  nickel.  This  process  continues  until 
the  liquid  interphase  composition,  X'ditB- 
becomes  uniform  throughout  the  liquid. 
Now,  solid-state  diffusion  of  nickel  from 
the  base  metal  will  enrich  the  solid  inter¬ 
phase  region  resulting  in  concomitant  so¬ 
lidification  (at  a  much  slower  rate  than  the 
previous  base  metal  dissolution)  under 
isothermal  conditions.  The  liquid  zone  will 
eventually  resolidify,  and  its  composition 
will  later  become  uniform,  provid^  suffi¬ 
cient  time  is  allowed  for  the  solid-state 
diffusion  process  to  occur.  The  events 
described  above  are  depicted  in  Fig.  4. 

Conventional  transient  liquid  phase 
bonding  is  mostly  applied  to  binary  alloy 
systems  which  show  some  intermediate, 
low-temperature  reactions  such  as  eutec¬ 
tic  transformation.  However,  by  using  an 
interlayer  of  adequate  thickness  that  wets 
the  base  metal  or  barrier  coating,  alloy 
systems  currently  not  considered  for  TLP 
bonding  can  also  be  joined  by  this  method . 
Depending  on  the  rate  that  the  liquid 
braze  dissolves  the  coating,  the  proper 
thickness  of  a  suitable  coating  and  the  op- 
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timal  brazing  temperature  can  be  deter¬ 
mined,  (Refs.  10-11). 

An  analytical  model  of  the  TLP  bonding 
process  with  coating  is  developed  and 
presented  in  a  later  section  of  this  paper. 
The  proposed  approach  can  provide  the 
basis  for  the  selection  of  braze  and  coat¬ 
ing  materials  and  processing  conditions. 

Mathematical  Modeling 
of  Brazing  Processes 

It  has  been  shown  in  the  previous  sec¬ 
tions  that  with  careful  process  control, 
coatings  can  be  used  effectively  to  braze 
difficult-to-join  materials  and  produce 
bonds  of  high  integrity.  The  need  for  pro¬ 
cess  modeling  to  optimize  joining  param¬ 
eters  such  as  coating  thickness,  brazing 
time  and  temperature  is  also  clear.  This 
section  will  review  the  existing  mathemat¬ 
ical  formulation  of  the  mass  transport 
processes  involved  in  the  brazing  pro¬ 
cesses  that  utilize  coatings 

Barrier  Coatings 

When  using  a  double-layered  barrier 


coating  in  brazing,  the  layer  closest  to  the 
base  metal  (inner  coating)  is  considered 
passive,  and  the  outer  or  overlayer  is  ac¬ 
tive.  The  major  function  of  the  inner 
coating  is  to  isolate  the  base  metal  from 
the  brazing  filler  metal  since  this  may  con¬ 
tain  chemical  elements  that  are  undesir¬ 
able  to  the  system.  The  passive  coating  is 
generally  a  high-melting-temperature 
metal  and  highly  adherent  to  the  base 
metal.  It  should  exhibit  excellent  base 
metal  wetting  and  remain  solid  through¬ 
out  the  brazing  process.  On  the  other 
hand,  the  overlayer  should  promote  wet¬ 
ting  with  the  brazing  filler  metal  and 
dissolve  entirely  or  partly  into  the  braze 
during  brazing.  Metal  dissolution  is  well 
characterized  and  modeled  (Refs.  17-20) 
with  extensive  literature  available.  There¬ 
fore,  no  further  mathematical  modeling 
on  brazing  with  a  barrier  coating  will  be 
presented  in  this  paper. 

Coatings  for  Oissolution-Solidification 

In  the  case  of  a  coating  for  dissolution 
and  solidification,  the  composition  of  the 
coating  must  be  carefully  selected  to  be 


compatible  with  the  brazing  filler  metal 
The  requirements  for  a  brazing  filler  metal 
are  illustrated  in  Fig.  5.  The  phase  diagram 
is  for  a  binary  alloy,  but  this  is  not  a  nec¬ 
essary  restriction  since  ternary  brazing 
filler  metals  could  also  be  considered.  In 
Fig.  4,  Co  is  the  initial  brazing  filler  metal 
composition  and  B  is  the  coating  material 
As  B  dissolves  into  the  liquid  braze  metal 
at  Tfl,  the  liquid  is  continuously  consumed 
to  produce  a  solid  of  composition  C®  the 
final  (new)  composition  of  the  solidified 
braze  metal.  The  solidus  of  this  new  ma¬ 
terial  has  therefore  been  raised  from  T ,  to 
Tb. 

Since  brazing  filler  metals  can  be  treated 
broadly  as  binary  or  ternary  ewtectic  ma¬ 
terials,  there  are  specific  ranges  of  braze 
metal  compositions  that  can  be  used  with 
a  selected  coating  material.  For  example, 
consider  the  liquidus  projection  diagram  in 
Fig.  6  where  it  is  assumed  that  the  three- 
phase  triangles  are  traveling  along  the  liq¬ 
uid  projection  lines  according  to  a  Class  I, 
four-phase  eutectic  reaction  (Ref  21) 
Adjacent  to  each  of  these  liquidus  lines  is 
a  shaded  zone  which  indicates  composi¬ 
tions  of  potential  brazing  filler  metals  to  be 


Ftg  4  -  Schematic  of  progression  of  sages  in  the  TLP  joining  of  nickel  with  a  copper  insert  U  „  is 
half-thickness  of  insert,  and  Wj  is  half-thickness  of  maximum  size  of  liquid  zone,  corresponding  to 
onset  of  isothermal  solidification  A  —  Configuration  prior  to  temperature  being  raised  to  Tg,  B-m- 
finitestmally  small  liquid  and  solid  interphase  regions,  h  and  (?,  created  upon  quasi-equilibration  at 
Tg  (interphase  regions  exaggerated):  C  -  progressive  liquation  of  base  metal  (liquid-state  diffusion- 
convection-controlled):  D — instant  at  homogeneous  saturation  of  liquid  phase  and  onset  of  isother¬ 
mal  solidification:  [-progressive  isothermal  solidification  of  liquid  zone  (solid-state  diffusion 
controlled):  T- instant  at  completion  of  solidification.  C~  partial  homogenization  of  bond  region 
(solid-state  diffusion  controlled) 
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Fig.  5 — Partial  b^ry  phase  diagram  showing  the  compositions  of  the  ini¬ 
tial  brazing  filer  metal,  the  coating,  arid  the  final  braze  metal  composi¬ 
tion  at  solidification. 


fig.  6—  Ternary  phase  diagram  indicating  the  different  possiile  compo¬ 
sition  ranges  of  coating  and  brazing  filer  metal. 


used,  with  their  complementary  coating 
materials.  The  coating  materials  are  indi¬ 
cated  in  three  separate  alloy  ranges,  each 
adjacent  to  a  brazing  filler  metal.  The  se¬ 
lection  of  brazing  filler  metal  and  comple¬ 
mentary  coating  compositions  are  made 
for  a  given  brazing  temperature,  and  the 
time  for  which  mutual  dissolution  will  re¬ 
sult  in  isothermal  solidification.  Phase  equi¬ 
librium  behavior  illustrated  in  Fig.  6  can  be 
found  for  some  commonly  used  silver- 
iron-silicon  filler  metals  (Ref.  10).  Once  the 
coating  and  brazing  filler  metals  are  iden¬ 
tified,  the  resulting  bond  miaostructure 
and  properties  will  depend  on  the  process 
temperature  and  time. 

Lesouh  (Ref.  22)  modeled  systematically 
the  process  of  TLP  bonding  and  divided 
the  process  into  four  stages:  1)  dissolution 
of  the  interlayer;  2)  homogenization  of  the 
liquid  layer;  3)  isothermal  solidification; 
and  4)  homogenization  of  the  solidified 
braze  metal.  A  binary  system  A-B  was 


Table  1 — Values  of  the  Growth  ConstaiMs 
C'l  and  Cfy  for  Dbsohilion  of  the  Base 
Metal  and  Brazing  FMer  Metal  lor  Typical 
Values  of  A«  and  Ai 


-\o 

Ai 

G1 

C^i 

10 

0  1 

1.1513 

0.3762 

0.2 

0.9800 

0.2416 

0.5 

0.7502 

0.1295 

10 

0.5853 

00819 

10.0 

0.2095 

0.0219 

1 

0  1 

10597 

1.0597 

0.2 

0.8624 

0.8624 

0.5 

0.6201 

06201 

1.0 

04648 

0.4648 

10.0 

0.1568 

01568 

0  1 

01 

10395 

1.7003 

02 

08258 

1.5372 

0  5 

0.5529 

1.3187 

1.0 

0.3762 

1.1513 

100 

00619 

0.5853 

considered,  and  the  equilibrium  phase  di¬ 
agram  is  shown  in  Fig.  6.  The  brazing  filler 
metals,  with  a  B-component  concentra¬ 
tion,  (an  alloy  with  a  limited  anraunt  of 
A),  was  sandwiched  between  two  sub¬ 
strates  of  composition,  Q.  The  dissolution 
and  solidification  stages  were  treated  as  a 
moving  boundary  problem  involving  a 
liquid  and  a  solid,  with  local  equilibrium  at 
the  solid-liquid  interface.  During  dissolu¬ 
tion,  Fick's  law  was  applied: 


where  C*-  is  the  corKentration  of  the  B 
component  in  the  Uquid  of  an  A-B  binary 
system,  and  y  is  the  coordinate  within  the 
liquid  region.  Using  the  Error  Function  so¬ 
lution,  tlw  corKentration  profile  that  satis¬ 
fies  the  above  equation  is  given  by: 

where  E  and  F  are  constants  determined 
by  the  specific  boundary  conditions  of  the 
problem.  Dl  is  the  liquid  diffusion  coeffi¬ 
cient  of  element  B,  a^  t  is  time.  In  addi¬ 
tion,  the  interface  dsplacement,  Yi,  was 
constranied  to  obey  the  foflowing  square 
root  law: 

Yl-KivTO  (3) 

Ki  was  determined  to  be  dependent  on 
tlw  particular  aloy  system  and  more  spe- 
dficidly,  on  the  slopes  of  the  Kquidus  and 
solidus  ines  of  the  phase  diagram.  These 
lines  influence  the  temperature  depen¬ 
dency  of  the  equibrium  concentrations  at 
the  liquid-sofid  phase  boundaries. 

Due  to  its  compleMty,  the  stage  of  ho¬ 
mogenization  of  the  Ik^  layer  was  not 
modeled  (Ref.  22).  During  solicification, 
the  displacernem  of  the  solid-liquid  inter¬ 


face,  at  a  particular  brazing  temperature, 
results  from  the  solid-state  diffusion  of  B  to 
the  saturated  solid-liquid  interface  and  can 
be  expressed  as: 

Ys*K,x/5DJ  (4) 

and  Ks  in  this  equation  can  be  obtained  by 
solving  the  following  implicit  equation  nu¬ 
merically: 


Kj  exp  (-K^)  (1  +  erf  Kj)  \/7^ 

(C^  -  Co)  (5) 

(C*^  »“C^) 

O'",  C**^,  and  Q  are  concentrations  de¬ 
fined  in  Fig.  7,  and  appear  in  brackets  to 
distinguish  them  from  the  notation  used  in 
the  next  section. 

Similar  to  the  dissolution  case,  Kj  is  de¬ 
pendent  upon  the  properties  of  the  ma¬ 
terials  system.  Temperature  will  also  influ¬ 
ence  Kj  since  the  equilibrium  concen¬ 
trations  and  are  temperature 
dependent. 

Tuah-Poku,  Dollar  and  Massalski  (Ref. 
23)  investigated,  more  recently,  the  mech¬ 
anisms  of  TLP  bonding  and  developed 
further  the  earlier  model  by  Lesoult  (Ref. 
22)  and  Sekerka  (Ref.  24).  In  particular, 
they  determined  that  the  first  stage  of  TLP 
bonding  occurs  almost  instantaneously, 
with  atomic  diffusion  taking  place  mainly 
in  the  liquid  near  the  interlayer  interface. 
The  second  stage  is  controlled  by  the  dif¬ 
fusion  of  ebment  B  (component  of  the  in¬ 
terlay^)  in  both  the  liquid  and  solid.  The 
widening  of  the  liquid  zone  was  deter¬ 
mined  to  follow  a  parabolic  law. 


Modefcig  of  TIP  Brazing  A 

in  This  Work 

In  this  study,  the  progressive  stages  of 
TLP  bondir^  were  reexamried  and  a  dif¬ 
ferent  interpretation  was  developed.  The 
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major  difference  between  this  formula¬ 
tion  arxl  the  models  described  in  the  pre¬ 
vious  section  are  the  first  two  stages.  In 
this  approach,  the  dssolution  of  the  inter¬ 
layer  and  the  widening  of  the  liquid  zorte, 
as  described  by  the  previous  models,  are 
considered  to  occur  simultaneously,  fol¬ 
lowed  by  homogenization  and  solidfica- 
tion. 

Examining  the  0-0  couple  shown  in  Fig. 
8  (one-half  of  a  braze  joint),  it  is  easy  to 
realize  that  at  high  temperatures,  atoms  A 
will  diffuse  toward  the  0  phase,  and  B  at¬ 
oms  will  diffuse  toward  the  a  phase.  With 
the  formatbn  of  the  initial  liquid  zone,  two 
solid-liquid  interfaces  are  formed.  Though 
at  different  rates,  these  interfaces  wffl  ad¬ 
vance  in  opposite  directions,  consumbg 
the  a  and  0  phases,  respectively.  With 
time,  the  brazing  filler  metal,  0.  will  be  to¬ 
tally  consumed,  to  form  one  single  liquid 
zone. 

Stage  1:  Fomialion  of  the  liquid  Zone 

Referring  to  Fig.  8,  in  Stage  1,  once  the 
system  is  raised  to  the  brazing  tempera¬ 
ture,  Tb,  the  diffusion  of  element  8  in  the 
quiescent  liquid  can  be  written  as: 


(6) 

with  the  following  initial  and  boundary 

conditions: 

I.C.  Cg  (y,  t  ■  0):  indeterminate 

(7) 

B.C.lCi(y--Y?,  t>0)-Cf 

(8) 

B.C.2C4(y--Yt,  t>0)-Cf 

(9) 

Yf  and  YPare  the  o-liquid  braze  metal  and 
j9-liquid  braze  metal  interfaces,  respec¬ 
tively.  The  compositions  representing 
these  boundary  conditions  can  be  seen  in 
the  binary  phase  diagram  in  Fig.  7.  It  should 
be  noted  that  this  notation  b  different 
from  that  used  by  Lesoult  (Ref.  22),  and 
also  by  Tuah-Poku,  et  at.  (Ref.  23).  The  su¬ 
perscripts  s  and  I  have  been  used  to  iden¬ 
tify  the  solid  and  Ik^  phases  associated 
with  the  two  solid  solutions,  a  and  0.  The 
initial  condition  b  indeterminate  because 
the  region  where  liquid  exbts  b  infinitesi¬ 
mally  small.  In  regard  to  the  equilibrium  at 
the  Ik^iid-solid  (a  and  0)  interfaces,  be¬ 
cause  of  the  infmitesimaRy  small  solid 
interface  regions,  they  do  not  contribute 
to  the  mass  balance  in  the  system.  Based 
upon  the  overaH  mass  balance  of  compo¬ 
nent  B  in  the  soVd  phases  (a  and  0)  from 
which  the  liquid  zone  b  aeated,  the 
following  equations  for  motion  of  the  in¬ 
terfaces  are  determined: 


dY?  Dt  dCj 

dt  cf*  -  ^  y  1 

and 


(10) 


Implicit  in  Equations  10  and  11  is  that  the 
partial  molar  volumes  of  all  phases  are 
equal  (a  restriction  imposed  on  the  solu¬ 
tion  presented  here). 

The  initial  cortditions,  provided  that 
C|°is  less  than  Cg}  and  C^b  greater 
than  C^,  are: 

Y^(t-O)- Y?(t-0)-0  (12) 

The  solution  to  Equation  6  with  the  ini¬ 
tial  and  boundary  conditions  represented 
by  Equations  7-9  b: 


Ci-Ui  +  U2erf 


(2^^) 


(13) 


also  satbfied  by  Equations  16  and  17. 

Equations  14  and  15  can  therefore  be 
rewritten  as: 


Cf-U,-U2erf(C?) 

and 

CS^-Ui-l-U2erf(C?) 


(18) 


(19) 


On  subtracting  Equation  18  from  19  and 
rearranging,  the  fdbwing  equation  b  ob¬ 
tained  to  determine  U2: 


U2' 


4.  orf 


erf  (C?)-!- erf  (C?) 


(20) 


where  Ui  and  U2  are  constants  that  can  be 
determined  from  the  boundary  condi¬ 
tions.  Since  the  initial  condition,  as  stated 
by  Equation  7,  b  indeterminate,  it  does  not 
impose  a  significant  constraint  on  the  be¬ 
havior  of  the  system  as  described  by 
Equation  12. 

The  boundary  conditions  given  by  Equa¬ 
tions  8  and  9  can  be  satbfi^  if: 

and 

Abo,  since  Ui  and  U2  are  constants,  as 
well  as  the  Gqiadus  con^sositions  and 
(bothermal  process),  then  the  position 
of  the  solicHiquid  intedaces  can,  there¬ 
fore,  only  be  described  by: 

Y?  -  2C?Vt5[t  (16) 

and 

Y?-2C?x4^  (17) 

where  and  are  the  dintensionless 


Equations  16  and  17  can  now  be  used  to 
develop  equations  from  which  the  growth 
constants  and  Cfii  may  be  obtained. 
Differentiating  these  equations  with  re- 


spect  to  time  gives: 

dY? 

C“\/Dl 

(21) 

dt 

\r 

dY? 

C?Vt5L 

(22) 

dt 

VT 

Now,  differentiating  Equation  15  with  re¬ 
spect  to  y,  yields: 


which,  when  evaluated  at  y  »«YT  and 
y  -  -Yf  leads  to: 


1 

2\/D[t 
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Liquid 


Original 

a/p 


Interface 


P 


Brazing 

Finer 

Uetal 


Center 

line 


(Y=0) 


Fig.  U-ConiigiM-itionoicrphaset>ase  material.  Hquid  region  and  ff-phase 
braxt^  Met  metal  durir^  isothermal  Hquification  of  soMd  phases,  at  time, 
t.  after  system  is  raised  to  bradng  temperature,  Tg. 


liquid 

a 

11^2  (t)l 

li . ;lli 

Position  of  a/L  Interface - >  Center 

after  brazing  filler  metal-  Line 

has  liquified. 

Note:  ¥i>  ¥<,. 

%.  9 — Configuration  of  system,  at  time,  t.  after  brazir^  filler  metal,  of 
half-thickness.  Wo,  has  liquified  and  liquid  region  becomes  homt^enized 
dOe  to  further  dhsokition  of  a-phase  base  metal. 


dy 


y  - 


Ur-^exp  (-cf ) 


1 


(25) 


2\/r3[t 

Substituting  Equations  21, 22, 24  and  25 
appropriately  into  Equations  10  and  11, 
the  following  equation  is  obtained  when 
these  two  recast  equations  are  divided, 
one  by  the  other: 


c-;  _  cf-cy 

f'  «ii  _  aO 
1  >-0 

exp(Cf^-C?^)  (26A) 

Also,  when  Equation  20  is  used  to 
replace  U2  in  Equation  24  and  this  is  then 
substituted  into  the  right-side  of  Equation 
10,  while  the  left  side  is  replaced  using 
Equation  2 1 ,  the  following  additional  equa¬ 
tion  is  obtained. 


1 

’“erf(G«)-»-erf(C‘OVr 

exp(-C",^  (27A) 

cr-q^ 

Equations  26A  and  27A  can  be  rewritten 
as  foHows: 

AoC?  exp  (Of-  Cf )  -  C?  -  0  (268) 

AiC?V5r[erf(C?)-erf(C?)J- 

«P(-C?=|.0 

where 


Ao 


cg°-cf 

cf-cr 


(28) 


Ai 


ct-<t 


(29) 


and  it  is  noted  that  Ao  and  Ai  are  both 
positive  quantities.  These  stimultaneous 
equations,  268  and  278,  can  be  solved 
ruimencally  to  obtain  the  growth  con¬ 
stants  Gfand  Cf,  once  A©  and  Ai  have 
been  defined.  Values  of  the  growth  con¬ 
stants  are  tabulated  in  Table  1.  It  should  be 
noted  that  the  physical  behavior  associ¬ 
ated  with  the  system  is  properly  mani¬ 
fested  by  the  values  of  the  growth  corv 
stants.  For  example,  when  Ao  is  unity,  the 
growth  constants  are  identical  in  magni¬ 
tude.  This  is  to  be  expeaed,  sirKe  the  en¬ 
richment  of  the  iiqud  8  provided  via  the 
jS-phase  filler  metal  is  exactly  compen¬ 
sated  by  the  dilution  due  to  the  same  vol¬ 
ume  of  the  a-phase  base  metal  being 
consumed.  Furthermore,  when  A©  » 
greater  than  unity  the  growth  constant  Cl 
is  greater  than  G^,  as  a  result  of  a  larger 
volume  of  the  a-  phase  being  required  to 
compensate  for  the  /J-phase  as  the  tran¬ 
sient  liquid  b  formed.  The  situation  b 
reversed  when  A©  b  fractional. 

The  formulation  and  sohjtioo  presented 
here  b  significantly  different  from  that 
presented  by  Tuah-Poku,  Dollar  and  Mas- 
sabki  (Ref.  23)  and  attributed  to  Lesoult 
(Ref.  22),  where  only  the  growth  constant 
for  the  liquid  braze  metal  zone  was  con¬ 
sidered. 

The  time  at  which  a  brazrig  filler  metal 
of  initial  half-width,  W©,  b  consumed  b 
given  by: 


li  ■ 


_Wa_ 

4CfDL 


(30) 


Abo,  the  half-width  of  the  kquid  zone  at 
thb  instant  (prior  to  homogenization  of 


the  liquid),  Wl,  b  given  by: 

Wi  -  W©  -F  2  Cgv'CiTr  (31) 

Therefore,  given  the  brazing  tempera¬ 
ture,  metal  compositions  and  interlayer 
thickness,  then  the  time  for  interlayer  ds- 
sohjtion,  tv  and  the  liquid  zone  half-width 
developed,  Wl,  can  be  calculated. 


Stage  2;  Homogenizaliaii  of 
the  Liquid  Zone 

During  homogenization.  Stage  2.  the 
diffusion  of  8  in  the  liquid  phase  b  again 
described  by: 

^-Di^;Y2(t)>y>-Wi  (32) 

where  now,  only  one  moving  boundary  is 
present.  The  configuration  at  time,  t,  after 
thb  stage  has  started,  b  shown  in  Fig.  9. 
The  initial  condition  is: 

C;(0  >  y  >:  -Wv  t  -  0)  -  F(y)  (33) 


where: 

F(y)-Cf -•-(Cf-Cf)  [erf(C?)-l-erf 

y 


(q-F 


\/3^ 


)] 


erf  (C?)-Ferf(A©C?) 


(34) 


Wi-W©-F2C?v^* 
2x/I3[t;(C?-FC?)  (35) 

since  W©  can  be  replaced  using  Equation 
30. 

The  initial  condition.  Equation  34,  de¬ 
scribes  the  concentration  profile  in  the 
liquid  at  the  end  of  Stage  1.  The  boundary 
conditions  are: 
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c),  (y  -  Y2(t),t  >  0]  -  Cf 

(36) 

dCli 

1  »  0 
ay  1  y--W,, 

(37) 

r.  1 

dY2  -^17 

(38) 

dt  (q^-q") 

with  initial  condition. 

Y2(t  -  0)  -  0 

(39) 

A  solution  to  Equation  32,  with  the  ini¬ 
tial  and  boundary  conditions,  and  the 
nioving  boundary  condition,  most  likely, 
will  have  to  be  determined  numerically. 
While  it  is  recognized  that  the  time  to 
complete  Stages  1  and  2  of  the  process  is 
small  compared  to  that  for  Stage  3,  nev¬ 
ertheless  the  maximum  half-width,  W^,,, 
attained  by  the  liquid  zone  is  an  inherent 
requirement  for  determining  the  time,  t3, 
for  the  isothermal  solidification  of  the  in¬ 
duced  liquid  zone. 

The  maximum  half-width  of  the  liquid 
zone  can  be  calculated  from  mass  balance 
constraints.  For  conservation  of  the  com¬ 
ponent  B: 

W„«  q^-WoC|°-l- 
{W„«.  -  Wo)  eg" 
or 

W,n«-gt_^Wo  (41) 


Stage  3:  boltiemul  SoHdifkation 


Stage  3  is  the  isothermal  solidification  of 
the  induced  liquid  zone.  The  configuration 
at  some  instant,  t,  after  solidification  has 
started  is  shown  in  Fig.  10.  Diffusion  of  B 
in  the  solid  o-phase  can  be  described  by 
the  following  equation. 


at 


^‘1^;  00  2:  y  >:-Y3 


(42) 


The  initial  and  boundary  conditions  are: 


I.C.  q(y,t  =  0)  =  q" 

(43) 

B.C.1  q(y  =  -  Y3,  t  >  0)  =  Cf 

(44) 

B.C.2q(y-oo,t)  =  Cg" 

(45) 

The  equation  for  motion  of  interface  is: 

dY3  -Ds  aq 

dt  Cg^  -  Cf  ay  '  » - 

(46) 

with  initial  condition: 

Y3(t  =  0)  =  0 

(47) 

stant;  and  the  initial  condition  as  described 
by  Equation  47  is  satisfied  by  Equation  51. 
Consequently,  since  erf  (— x)  ■  —  erf  (x), 
Equation  50  can  be  rewritten  as: 

C<t=Ui-U2erf(C3)  (52) 


Also,  a  general  expression  for  the  con¬ 
centration  gradient  is  obtained  by  differ¬ 
entiating  Equation  48,  with  respect  to  y: 


Subtracting  Equation  52  from  Equation  49 
gives  the  following  expression  for  U2: 


Note  that  C‘g’<  and  consequently 
component  B  diffuses  into  the  solid  base 
metal,  thereby  depleting  the  liquid  of  B 
and  leading  to  its  isothermal  solidification. 
Equation  42  is  satisfied  by; 


_  (C^-C°|) 
1  +  erf  (C3) 


(54) 


Finally,  Equation  51  can  be  differentiated 
to  obtain  the  velocity  of  the  interface,  viz: 


dY3  _  vn; 


(55) 


and  the  initial  condition  (Equation  43)  and 
boundary  condition  (Equation  45)  require 
that: 

eg"  “  Ui  -F  U2  (49) 

Also,  the  boundary  condition  given  by 
Equation  44  can  only  be  satisfied  if: 

Furthermore,  since  Ui  and  U2  are  con¬ 
stants,  as  well  as  the  solidus  composition, 
eg?  in  the  «  phase  during  isothermal  solid¬ 
ification,  therefore  the  argument  of  the 
error  function  must  also  be  a  constant; 
consequently  the  position  of  the  solid-liq¬ 
uid  interface  can  only  be  described  by; 


Now,  Equation  54  can  be  used  to 
replace  U2  in  Equation  53,  and  this  expres¬ 
sion  together  with  Equation  55  to  replace 
the  respective  terms  in  Equation  46,  the 
following  implicit  equation  for  C3  is  ob¬ 
tained: 


C3  [1  +  erf  (C3)]  \/t  exp 
C«-C«> 


(-C^3) ' 


ct-c« 


(56) 


which  is  identical  to  the  equation  attrib¬ 
uted  to  Lesoult  according  to  Tuah-Poku, 
Dollar  and  Massalski  (Ref.  23) 

If  the  maximum  half-width  of  the  in¬ 
duced  liquid  zone  is  Wm*„  then  the 
elapsed  time  to  complete  the  isothermal 
solidification  is  given  by  Equation  57,  be¬ 
low: 


Y3-2C3VD;t  (51) 

where  C3  is  a  dimensionless  growth  con-  4  C  |  D$ 


(57) 


%  10— Configuration  of  system,  at  time,  t,  after  liquid  region  has  ho¬ 
mogenized  and  solidification  has  started  due  to  solid-state  diffusion  of  B, 
from  liquid  region  into  a-phase  base  metal. 


zN 


Fg.  11— Schematic  diagram  showing  the  formation  of  a  complex  oxide 
layer  in  the  Joining  of  metals  to  ceramic  materials. 
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Fig.  12— Conceptual  braiing  process  control  as  »  function  of  the  time  of  dissolution  of  the  coatu^  the  time  of  oxide  and  intermetalKc  formation,  and 
the  braaing  teriperature.  For  an  acceptable  oxide  layer  thickness,  Zj,  and  maximum  tolerable  coating  dissolution  thickness,  X^,  the  braakrg  temperature 
should  be  Tg  as  indicated  on  the  diagram. 


where  C  is  determined  by  solving  Equa¬ 
tion  56  numerically,  for  a  given  C“8,  Cf, 
and  Cl 

Moddng  of  Reactive  Metal 
Brazing  in  Thb  Work 

There  are  numerous  possible  rate-con- 
troing  steps  in  this  process.  If  the  brazing 
filler  metal  has  a  very  dilute  reactive  metal 
addition,  the  rate-controlling  process  may 
be  the  transport  of  the  reactive  element  in 
the  Kquid  braze  to  the  reaction  nterface. 
One  possible  mass  transport  controlled 
process  would  be  liquid  diffusion  where 
tiie  reactive  metal  is  consumed  at  the  in¬ 
terface  in  product  formation.  However,  a 
more  real^ic  situation  is  where  the  prod¬ 
uct  fibn  or  reaction  layer  is  adhesive  to  and 
protective  of  the  base  metal,  then  sofid- 
state  diffusion  across  the  interlayer  wW  be 
the  controlling  process.  A  simple  mathe¬ 
matical  description  for  this  movir^  bound¬ 
ary  problem  is  given  below.  It  is  assumed 
that  the  chemical  potentials  are  invariant 
at  both  interfaces  and  the  layer  thickness 
HKreases  with  time. 

Deperxiing  on  the  base  material  to  be 
joined -ceramic  oxide  or  metal-the  re¬ 
action  product  wi  be  specific  to  that  sys¬ 
tem.  In  metal-to-ceramic  joining,  it  is  most 
likely  that  an  oxide  layer  wi  form.  In  the 
case  of  a  metal,  the  equibrium  phase  di¬ 
agram  determines  whether  a  s^  solu¬ 
tion  or  intermetaic  phase  wi  form.  The 
case  of  oxide  foimation  is  chosen  to  ius- 
trate  the  procedure  of  determining  the 


processing  time,  temperature  and  thick¬ 
ness  of  the  coating  to  achieve  an  accept¬ 
able  brazement.  From  the  boundary  con¬ 
dition  described  above,  a  parabolic  time 
dependmt  growth  of  the  product  layer 
results.  Figure  11  iustrates  this  oxide  for¬ 
mation  case. 

Given  the  foflowmg  reaction  of  oxida¬ 
tion; 


ZN-FgM,Oy-M,xN*0,y 

(58) 

and  rate  expression  for  growth  of  the 

product  phase  is  given  by: 

Z2-2K't 

(59) 

with; 

(60) 

where  K'  is  the  rate  coefficient.  Kg  b  the 
preexponential  factor,  Z  is  the  thickness  of 
the  product  layer,  and  RT  has  the  usual 
significarKe.  The  time  to  form  a  reaction 
layer  of  thickness  Z  can  be  determined  by 
solving  Equations  59  arxi  60. 

where  Q  is  the  activation  energy  of  the 
process  and  R  is  the  universal  gas  con¬ 
stant.  In  the  case  of  intermetallic  forma¬ 
tion,  a  simiar  e^tion  wi  result. 

Equation  61  is  an  important  analytical 
tool  in  controir^  reactive  metal  brazing. 
Too  thin  a  reaction  layer  nwy  not  result  in 
a  sound  braze  whie  too  thick  a  layer  wi 


result  in  excessive  oxide/intermetallic 
compound  growth  and  poor  mechanical 
properties.  Therefore,  an  optimal  reaction 
layer  thickness  can  be  controlled  by  reg¬ 
ulating  process  temperature  and  time. 

Conceptual  Application  of 
ModeBng  to  Process  Control 

In  brazing,  temperature,  time  and  filler 
metal  are  some  of  the  more  important 
process  parameters  to  be  controlled  and 
optimized.  When  a  coating  is  introduced 
between  the  base  material  and  brazing 
fier  metal,  active  dissolution  may  occur  at 
the  interface  between  the  brazing  filler 
metal  and  the  coating  material.  At  the 
same  time,  chemical  reactions  may  also 
occur  at  the  base  metal-coating  interface. 
Since  the  kinetics  of  the  two  processes  are 
in  general  rx)t  the  same,  it  is  essential  to 
determine  a  set  of  optimal  time  and  tem¬ 
perature  for  these  simultaneous  pro¬ 
cesses.  It  is  obvious  that  the  dissolution 
process  should  not  consume  the  entire 
layer  of  coating,  nor  the  intermetallic  for¬ 
mation  create  an  excessively  thick  prod¬ 
uct  layer.  To  match  the  effects  of  inter¬ 
layer  dbsokition  and  subsequent  con¬ 
sumption  of  the  coating  with  the  formation 
of  the  oxide  (or  intermetallic)  layer,  the 
time  for  dissolution  of  selected  coating 
thicknesses,  Xi,  X2, . . .,  X5,  can  be  plotted 
as  a  function  of  temperature.  Increasing 
the  temperature  decreases  the  time  of 
dissolution.  The  time  of  oxide  (or  interme¬ 
taic)  formation  and  growth  to  selected 
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thicknesses,  Zi,  Z2,  ■  ■  ■,  Zs,  can  also  be 
plotted  ikewise  on  the  same  figure.  The 
two  sets  of  paraflel  lines  can  be  observed 
in  Fig.  12.  Since  the  thermally  activated 
medianisms  of  the  two  processes  are  dif¬ 
ferent,  the  slope  of  the  second  set  of  lines 
is  also  different  from  that  of  the  fast  set. 
For  the  oude  (or  intermetalic)  formation 
lines,  the  slope,  associated  with  the  para¬ 
bolic  growth  law,  is  equal  to  Q/R;  \vhere 
Q  is  the  activation  energy  of  the  transport 
mechanism  of  the  growth  process.  Given 
a  certani  constraint  of  thickness  of  the 
oxide  (or  intermetaiyc)  layer,  then,  the 
thickness  of  a  coating  that  win  be  com¬ 
pletely  consigned  by  ^solution  as  well  as 
the  time  and  corresporxiing  temperature 
of  brazing  can  be  determined  from  Fig.  12. 

To  illustrate  the  concept,  consider  the 
case  where  the  oxide  product  layer  must 
be  limited  to  a  thickness,  Z3  and  an 
acceptable  brazxig  time  can  be  achieved 
at  a  temperature  of  Ti,  the  diagram  irKk- 
cates  that  the  coating  will  be  dissolved  and 
be  penetrated  to  a  distance  X2  by  the 
transient  liquid  phase  bonckng  process. 
Consequently,  the  coating  thickness  se¬ 
lected  must  be  larger  than  X2. 

In  Fig.  12,  the  slope  of  the  X  lines  (disso¬ 
lution  of  the  coating  layer)  is  assumed  to 
be  greater  than  that  of  the  oxide  or  inter- 
metallic  formation,  Z  lines.  In  the  case  that 
the  slopes  of  both  are  changed,  Z  lines 
with  greater  slope  than  X  lines,  the  inter¬ 
pretation  procetkire  can  stiU  be  followed. 

Summary 

It  is  apparent  that  coating  technology,  in 
particular  the  type  for  dissolution  and  so¬ 
lidification.  can  be  applied  in  brazing. 
Multiple-layered  coatings  of  different 
compositions  can  be  tailwed  for  diffkxilt- 
to-join  materials.  With  the  mathematical 
mc^ls  developed  in  this  work,  it  is  pos¬ 
sible  to  begin  addressing  the  design  issues 
of  brazing  with  custom  coatings:  types  of 
coating,  thickness  of  each  layer,  brazing 
time  and  temperature.  Depending  on  the 
degree  of  dissolution  of  the  coating  and 
brazing  filler  metal,  and  the  type  of  prod¬ 
ucts  that  form  at  the  base  metal-coating 
and  coating-brazing  fiHer  metal  interfaces, 
the  approach  developed  in  this  work  will 
provkto  the  basis  for  selecting  brazing 
time,  ten^jerature  and  thickness  of  the 
coating  for  successful  brazing. 
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Appcndb 


Ck 

Concentration  of  B,  ai  the 
(binary)  liquid  phase. 

C% 

Concentration  of  B,  in  the  o- 
phase  (base  metaO  sold  so¬ 
lution. 

cp 

lrtttial(uniforTn)corK;entration 
of  B  in  the  o-phase. 

Cf> 

lnitial(uniforni)concentration 
of  B  in  the  p-fihase. 

Cf 

Solidus  coTKentration  of  B  in 
the  saturated  a  solid  solution, 
at  the  isbthermal  solidifica¬ 
tion  (brazing)  temperature, 
Tb- 

Cf 

Solidus  concentration  of  B  in 
the  saturated  0  solid  sokition, 
at  the  isothermal  solidifica¬ 
tion  (brazing)  temperature, 
Tb. 

Cf 

Liquidus  corKentration  of  B 
wf^  is  in  equflibrium  with 
the  saturated  a  solid  solution, 
of  composition  CP 

Cf 

Liquidus  corKentration  of  B 
which  is  in  equilibrium  with 
the  saturated  0  solid  solution, 
of  composition  C^ 

Cl 

Growth  constant  for  liquKi- 
cation  of  base  metal,  during 
Stage  1. 

Growth  constant  for  liquifh 
cation  of  brazing  filler  metal, 
during  Stage  1. 

G2 

Growth  constant  for  Uquifi- 
cation  of  base  metal,  during 
homogenization  of  liquid  re¬ 
gion -Stage  2. 

Cj 

Growth  constant  for  solidifi¬ 
cation  of  liquid  region  - 
Stage  3. 

Ao 

c^-cf 

Cf-C~B 

Ai 

c?-cf 

ct-cf 
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A  Thermodynamic  Criterion  to  Predict 
Wettability  at  Metal-Alumina  Interfaces 

P.R.  CHIDAMBARAM,  G.R.  EDWARDS,  and  D.L.  OLSON 

Metals  are  known  to  wet  ceramics  by  chemical  bond  formation.  Existing  theories,  using  reaction 
thermodynamics,  can  predict  the  relative  wetting  trends  in  wetting  systems  but  fail  to  distinguish 
between  the  wetting  and  nonwetting  systems.  Wetting  is  consider^  as  a  surface  phenomenon, 
and  tlw  spontaneity  of  wetting  is  controlled  by  AG^.  a  thermodyiuunic  term  defin^  here  as  the 
Gibbs  free  energy  of  wetting.  A  model  that  treats  wetting  as  a  reaction  between  the  surface 
phase  of  the  ceramic  and  the  molten  metal  is  presented  to  calculate  AG...  The  model  is  used  to 
predict  wetting  tendencies  of  various  molten  metals  on  a-alumina  surfaces.  The  predictions  are 
compared  with  previously  published  results,  as  well  as  with  the  experimental  results  of  this 
study.  Experimental  wettability  parameters  were  measured  using  a  capillary  rise  a|q>aratus.  Mea¬ 
surements  were  made  for  various  metals  wetting  an  aluminum-oxide  surface.  Based  on  this 
mottel,  a  themKxlynamic  wetting  map  that  delineates  wetting  and  nonwetting  regimes  is  drawn. 
A  map  of  this  nature  can  be  used  advantageously  in  ceramic  joining  and  metal-matrix  composites 
applications. 


1.  INTRODUCTION 

Predicting  wettability  at  the  metal-ceramic  inter¬ 
face  is  becoming  increasingly  important  with  the  advent 
of  modem  composite  materials.  An  apprcqiriate  choice 
of  metal-ceramic  pairs  is  critical  in  many  applications, 
such  as  joining  metals  to  ceramics,  joining  ceramics  to 
ceramics  with  a  metallic  interlayer,  microdesigning  of 
metal/ceramic  composites,  electronic  packaging  mate¬ 
rial  design,  and  designing  refractories  in  extractive  met¬ 
allurgy.  Yet,  there  are  no  models  that  successfully  predict 
whether  ornot  a  particular  metal  or  alloy  will  wet  a  given 
ceramic  substrate. 

Based  on  the  nature  of  attractive  forces  existing  across 
the  interface,  wetting  can  be  classified  into  two  broad 
categories:  (a)  physical  wetting,  where  the  reversible 
physical  forces,  such  as  the  van  der  Waals  and  disper¬ 
sion  forces,  provide  the  attractive  energy  required  to  wet 
the  surface,  and  (b)  chemical  wetting,  where  a  reaction 
occurs  between  the  mating  surfaces  and  the  resultant 
chemical  bonds  are  resptmsible  for  wetting.  Since  metals 
are  known  to  wet  ceramics  essentially  by  chemical  bond 
formation,'"  physical  wetting  is  not  discussed  in  this 
article. 

Since  wetting  here  is  synonymous  with  reaction, 
chemical  thermodynamics  is  an  obvious  analytical  ap¬ 
proach  which  can  be  used  to  noodel  the  metal-ceramic 
system.  As  can  be  seen  in  Section  II,  bulk  thermo¬ 
dynamics  can  predict  relative  trends  in  such  wetting  sys¬ 
tems,  but  this  iqjpioach  cannot  be  used  to  predict  whether 
a  given  system  is  wetting  or  nonwetting. 

A  thermodynamic  criterion  that  has  been  developed  by 
treating  wetting  as  a  surface  phenomenon  is  presented 
here.  The  reaction  that  is  required  for  chemical  wetting 
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is  between  the  surface  phase  of  the  ceramic  and  the  mol¬ 
ten  metal.  The  free-eneigy  change  for  this  reaction,  AG., 
can  be  used  to  predict  wetting  tendencies.  A  negative 
AG.  inq>lies  a  wetting  system.  It  should  be  emphasized 
that  this  approach  is  appropriate  only  to  predict  wetting 
at  the  initiation  of  wetting  and  does  not  address  the  com¬ 
plex  interfacial  structure  observed  at  equilibrium  by  other 
researchers.'**' 

Capillary  rise  experiments  using  alumina  tubes  were 
performed  as  a  part  of  this  study  to  verify  the  model 
predictions.  Consistent  contact  an^  measurements  were 
made  for  various  noble  metals  on  a-alumina  surfaces. 
The  results  obtained  are  discussed  with  the  help  of  a  wet¬ 
tability  map.  Apart  from  identifying  the  wetting  and 
nonwetting  systems,  these  n»ps  are  useful  in  predicting 
the  stability  of  the  interface. 

U.  CONVENTIONAL 
THERMODYNAMIC  APPROACH 

A  simplistic  approach  to  model  the  system  using  bulk 
thermodynamics  would  be  to  consider  that  wetting  is 
possible  whenever  the  AGr  for  the  reuciiur.  M  the  inter¬ 
face  is  negative.  For  example,  when  alumina  ceramic  is 
in  contact  with  a  molten  metal  M,  die  following  reaction 
can  occur. 

AljOj  +  3xM  ^  3M,0  2A1  ( 1  ] 

The  Gibbs  free-energy  change  AG^  for  this  reaction  can 
be  calculated  using  a  simple  relation  shown  in  Eq.  [2]: 

ojL 

AG,  =  3  AGJ,^  -  AGi.^  -t-  RT  In  [2) 

Om 

The  free-ener^  change  AG,  represents  the  energy  re¬ 
leased  or  required  when  aluminum-oxide  is  reduced  by 
the  metal,  M.  A  negative  AG,  implies  a  spontaneous  re¬ 
action  and,  hence,  wetting.  Tlie  reaction  proceeds  until 
equilibrium  is  reached  (AG,  »  0).  In  order  to  predict  the 
sign  and  nugnitude  of  AG„  at  the  start  of  the  reaction, 
the  activity  values  Uai  mkI  must  be  determined.  The 
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activity  of  the  metal  Om  in  its  pure  state  is  unity;  if  pres¬ 
ent  in  the  alloy  form.  Um  can  be  calculated  using  the 
following  equation: 

Am  =  TXm  [31 

where  F  is  the  activity  coefficient  of  metal  in  the  alloy 
and  is  the  mole  fraction  of  the  metal  in  the  melt.  The 
activity  coefficient,  F,  depends  on  the  nature  of  inter¬ 
action  between  the  metal  M  and  the  solute.  There  are 
established  theoretical  noodels  that  can  be  used  to  cal¬ 
culate  F;  these  calculations  have  already  been  done  for 
most  binary  alloys'*’  and  are  tabulated  in  Table  I. 

The  activity  of  aluminum  in  the  metal  or  alloy  is 
also  calculated  using  Eq.  [3];  however,  an  appropriate 
value  for  needs  to  be  assumed.  The  value  of  Xai  is 
zero  when  no  reaction  has  occuired.  In  the  present  cal- 
culatitMis,  it  has  been  assumed  that  wetting  occurs,  if 
sufficient  driving  force  (AC,  <  0)  exists  after  the  frac¬ 
tional  dissolution  of  aluminum  in  the  vicinity  of  the  in¬ 
terface  attains  1  pet.  Therefore,  an  Xai  value  of  0.01  is 
used  in  the  calculations.  The  standard  free  energy  of 
cewnpound  formation  AG*  at  the  temperature  of  interest 
of  the  oxide  is  obtained  easily  from  the  thennodynamic 
handbodc  tabulations.’^’  The  AG,  calculated  from  these 
values  are  shown  in  Table  I. 

Contact  angle  9  is  an  accepted  measure  of  wettability 
at  the  metal-ceramic  interface.’*’  The  general  case  of  a 
liquid  metal  in  contact  with  the  ceramic  is  shown  in 
Figure  1 ,  where  a  balance  of  surface  tension  forces  re¬ 
sults  in  the  familiar  Young  equation: 

y*  cos  6  *  y*  -  [4] 

where  -f ,  y*,  and  y*  are  the  corresponding  surface  ener¬ 
gies  of  solid/vapor,  liquid/vapor,  and  solid/liquid  inter¬ 
faces.  respectively.  A  system  is  considered  wetting  when 
the  wettability  parameter  y'  cos  0  is  greater  than  zero 
(Figure  1(a)).  Therefore,  the  wettability  parameter  can 
be  used  to  verify  the  thennodyruuiuc  predictions. 

The  surface  tension  balance  presented  above  is  valid 
only  for  nonreacting  interfaces.  According  to  Pask,’^  when 
a  reaction  occurs  at  the  interface,  the  free-energy  change 
per  unit  area  per  unit  time  also  enhances  wetting;  in  this 
case,  the  Young  equation  should  be  corrected  for  this 
additional  driving  force.  In  the  present  analysis,  the  wet¬ 
tability  parameter  is  not  used  to  evaluate  the  degree  of 
wetting  in  the  wetting  systems  precisely  for  this  reason. 
However,  the  contact  angle  vdues  repotted  in  the  lit¬ 
erature  ate  presented  to  establish  the  fact  that  wetting  has 
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Fig.  1  — A  schematic  illustration  of  wettability  for  a  liquid  metal  in 
contact  with  a  ceramic  substrate. 


been  observed  experimentally.  Researchers  in  numerous 
previous  studies  have  estimated  the  contact  angle  be¬ 
tween  alumina  and  molten  metals.  A  good  summary  of 
these  values  is  presented  by  Nicholas,’"  Naidich,’*’  and 
Beruto  et  a/.’*’  The  wettability  parameter  here  is  evalu¬ 
ated  using  tile  specific  surface  energy  data  obtained  from 
the  tabulation  by  Murri”  and  the  contact  angles  from  var¬ 
ious  sources  listed  in  Table  I. 

Figure  2  shows  a  plot  of  the  measured  wettability  pa¬ 
rameters  y*"  cos  0  tiken  from  literature’*  '®’  against  AG, 
for  various  metal-alumina  interfaces.  The  parameters  used 
in  the  calculation  are  listed  in  Table  I.  Data  points  shown 
in  the  plot  were  calculated  for  a  100  "C  superheat  above 
the  melting  temperature  of  the  metal. 

The  plot  is  divided  into  four  quadrants  based  on  the 
positive  and  negative  values  of  either  terms.  C^adrants 
1  and  4  would  represent  the  wetting  and  nonwetting  re¬ 
gimes,  respectively.  Most  noble  metals  lie  in  the  non¬ 
wetting  region  (fou^  quadrant).  The  bulk  thermodynamic 
values  predict  that  the  reaction  shown  in  Eq.  [1]  would 
proceed  in  the  forward  direction  (AG,  is  negative)  for 


Table  1.  Model  Parameters,  AG„  and  Wettability  Predktioiis  for  Aimnina  Surface 


Metal 

Alloy 

T 

CC) 

AC* 

(kJ/mole) 

r 

AC, 

(kJ/mole) 

y 

(mJ/m*) 

0 

■y  cos  0 
(mJ/m^) 

Cu 

1183 

-  28.1 

0.1 

238.7 

1300 

160’*' 

-1221.6 

Ni 

1555 

-  76.5 

0.01 

156.4 

1660 

1221*1 

-  847.8 

128’*i 

-1021 

Fe 

1635 

-142.3 

0.03 

110.3 

1840 

llO"' 

-  629.3 

Sn 

432 

-227.5 

0.2 

185.4 

542 

131’*’ 

-  355.6 

Pb 

523 

-148.7 

0.15 

224.6 

442 

Cu-5  pet  Ti 

1150 

-290 

0.1 

10 

1300 

14i« 

1261.4 

Cr 

1950 

-630.3 

0.1 

53 

1590 

65'«i 

671.9 

Mn 

1345 

-268.3 

0.1 

38.5 

1060 

70’" 

362.5 
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Fig.  2 — The  wettability  of  various  liquid  metals  in  contact  with  a-alunina,  repotted  as  the  cos  9  of  the  Young  equation,  and  compared  to 
AG,.  The  tempetature  for  each  metal  was  chosen  to  be  100  *C  above  die  meld^  point. 


metals  such  as  calcium,  magnesium,  and  lithium.  How¬ 
ever,  they  are  not  shown  in  the  plot  because  the  ex¬ 
perimental  wettability  parameters  are  not  available.  If 
present,  these  metals  should  lie  in  the  wetting  regime 
(first  quadrant).  The  second  and  third  quadrants  are 
pbysic^y  meaningless  regimes.  It  can  be  seen  from  die 
plot  that  many  commercially  useful  metals  and  alloys, 
such  as  manganese,  chromium,  and  cof^ier-dtanium 
aUoys,  lie  in  the  physically  meaningless  regime,  where 
there  are  experimental  observations  diat  wetting  occurs 
but  bulk  thomodynamics  predicts  otherwise. 

Numerous  previous  studies  by  other  researchers  have 
attempted  to  explain  this  anomaly.''-"-'^'  Some  research¬ 
ers'"'  argue  that  the  heat  of  solution  for  oxygen  and  for 
aluminum  in  reactive  metals,  such  as  titanium,  are  of 
considerable  magnitude  and  the  net  heat  change  by  Hess’ 
law  causes  the  reaction  to  proceed  in  the  forward  direc¬ 
tion.  This  explanatitm  cannot  acctnmt  for  die  fact  diat 
addition  of  a  few  percent  reactive  metal  to  an  otherwise 
noble  solvent  causes  a  nonwetting-to-wetting  transition. 


m.  SURFACE  WETIING  MODEL 
A.  Surface  Phase  Crmcept 

The  surface  of  a  material  can  be  treated  as  a  separate 
(riiase  in  equilibrium  with  its  bulk."*'  This  concept  has 
been  widely  used  by  metallurgists  in  the  field  of  surface 
adsorption  and  surface  tension.'"'  In  the  case  of  a  ce¬ 
ramic,  alumina,  for  example,  a  Gibbs  free  energy  of  for¬ 
mation  can  be  defined  for  a  surface  phase  that  is  similar 
to  the  formation  oiergy  the  bulk: 

2Al  +  ^0,?t  A1,0,  AGV.  [51 


2Al  +  |o2^AljCr^  AGS5>.  [6] 

The  value  of  AG^  would  be  less  negative  than  AG*  be¬ 
cause  the  atoms  on  the  surface  are  missing  half  dieir 
nearest  neighbors  and,  thus,  are  loosely  bound  compared 
to  the  atoms  in  the  bulk.  Reducing  the  surface  phase, 
therefore,  requires  less  energy  dian  reducing  the  bulk 
phase.  It  can  be  argued  that  a  reaction  between  the  sur¬ 
face  {diase  of  the  ceramic  and  the  molten  metal  is  suf¬ 
ficient  to  cause  wetting: 

Al20r'+  3atM  ci  3M,0  +  2A1  [7] 

B.  Free  Energy  of  Wetting 

The  free-energy  change  for  the  reaction  shown  in 
Eq.  [7],  AG„,  defined  as  the  Gibbs  fiee  energy  of  wet¬ 
ting,  is  much  less  than  AG,  given  in  Eq.  [1].  Hence, 
some  metals  can  wet  a  ceramic,  even  when  a  bulk  re¬ 
action  between  die  metal  and  the  ceramic  is  thermo¬ 
dynamically  not  feasible.  (Quantitative  wetting  tendency 
inedictions  can  be  made  if  a  numerical  value  AG”"^ 
is  estimated. 

A  free  surface  is  a  defect  state  widi  an  associated  spe¬ 
cific*  defect  energy,  y.  Thermodynamically,  y  is  de- 

*The  icnn  specific  energy  i*  uwd  >o  signify  an  energy  per  unit  aiea. 

fined  as  the  work  required  to  increase  die  area  of  surface 
by  unit  amount  in  an  adiabatic  system  of  constant  vol¬ 
ume  and  constant  cotiqiosititm.  For  a  single  component 
system,  dierefore: 
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where  F"  is  the  surface  excess  Helmholtz  free  energy. 
Since  the  volume  occupied  by  the  surface  is  zero,  the 
Helmholtz  excess  energy  and  the  Gibbs  excess  energy, 
G",  for  the  surface  are  equal.  Integrating  Eq.  [8]  and 
substituting  Gibbs  surface  excess  energy,  we  get 

G"  =  Ay  [9] 

where  A  is  the  area  occupied  by  one  mole  of  the  material 
on  the  surface. 

It  is  common  to  evaluate  A  using  the  relation"*' 

\N 

where  Vm  is  the  molar  volume,  N  is  the  Avogadro’s 
number,  m  is  the  fraction  of  nearest-neighbor  atoms  lying 
in  an  adjacent  layer,  and  therefore,  m  is  a  function  of 
local  surface  structure.  For  consistency,  we  have  as¬ 
sumed  that  the  number  of  nearest  neightors  surrounding 
an  atom  in  the  surface  phase  is  nine  and  three  atoms  are 
in  the  layer  iimnediately  below.  Therefore,  a  value  of 
1/4  is  used  for  m  in  the  calculation. 

The  G"  quantifies  in  Gibbsian  terms  the  excess  energy 
associated  with  the  surface  phase  with  respect  to  the  bulk 
phase.  Therefore,  in  terms  of  formation  energies, 

AG‘^  =  AG°  +  G“  [11] 

where  AG°  is  the  formation  energy  of  the  ceramic  sub¬ 
strate  (Eq.  [S]).  Equation  [11]  implies  that  the  surface 
phase  is  more  readily  available  for  reduction:  t.e.,  the 
energy  required  to  reduce  the  surface  phase  is  less  than ' 
that  of  the  bulk  by  G".  The  free-energy  change  for  the 
reaction  shown  in  Eq.  [7]  is 

AG^  =  3AGm/j  -  AG^^  +  G"  +  RT  In  [12] 

in  other  words. 


Eq.  [12].  However,  the  heat  of  mixing  or  the  heat  of 
complex  oxide  formation  from  the  two  metal  oxides  is 
negligible  compared  to  the  heat  of  formation  of  the  oxide 
itself."^’  Kubaschewski  tabulated  the  heat  of  formation 
of  various  oxides"^'  and  demonstrated  that  the  heat  of 
formation  of  various  complex  oxides  from  the  respective 
parent  oxides  is  an  order  of  magnitude  less  negative  than 
that  of  the  simple  metals  themselves.  Therefore,  as  a  first 
approximation,  the  correction  factor  can  be  neglected. 
In  fact,  the  AG».  predictions  will  not  be  very  different, 
even  if  a  complex  oxide  forms  at  the  interface  instead 
of  M^O  for  the  very  same  reason.  Formation  of  complex 
spinel  oxide  from  the  M^O  at  the  interface  between  M^O 
and  the  ceramic  substrate  does  not  result  in  large  energy 
changes. 


C.  Reaction  Wetting  (Alloys) 

It  is  common  practice  in  the  industry  to  add  a  few 
percent  of  reactive  metals  to  an  inert  solvent  to  enhance 
wettability.  Adapting  the  procedure  developed  here  to 
predict  wettability  trends  in  the  alloy-ceramic  interface 
is  straightforward.  It  is  reasonable  to  assume  that  there 
are  no  chemical  interactions  between  the  noble  solvent 
and  the  ceramic  surface.  If  necessary,  the  procedure  al¬ 
ready  outlined  can  be  used  to  establish  the  lack  of  inter¬ 
action  between  the  noble  solvent  and  the  ceramic.  The 
metal,  M,  in  Eqs.  [7]  and  [12]  would  then  represent  the 
reactive  metal.  The  activity  of  the  metal  is  no  longer 
unity.  It  is  dependent  upon  the  concentration  of  the  al¬ 
loying  addition  available  at  the  interface  and  also  upon 
the  activity  coefficient  of  the  alloying  element  in  the  melt. 
(Quantitative  estimates  of  surface  segregation  can  be  made 
using  the  empirical  expression  developed  by  Miedema 
et  a/."*'  For  dilute  solutions: 


cr  //Arf^  -  g(y^  -  y,)  vT' 
V  3Rr 


[15] 


AG.  =  AG,  +  G"  [13] 

This  reaction  (jEq.  [7])  does  not  go  to  completion.  The 
surface  phase  is  exhausted  as  soon  as  a  monolayer  of 
reaction  product  is  formed.  However,  the  sign  and  mag¬ 
nitude  of  AG.  indicate  the  spontaneity  of  wetting. 

The  specific  surface  energy  at  zero  Kelvin,  ■f,  and  the 
surface  entropy.  S'  (temperature  coefficient  of  surface 
energy),  are  required  to  estimate  the  surface  specific  en¬ 
ergy  y  at  the  temperature  of  reaction  according  to  Eq.  [  14]: 

y  =  y  +  S'AT  [14] 

The  Gibbs  surface  excess  energy,  G“,  can  be  calculated 
from  y  using  Eq.  [9]. 

Data  on  specific  free  surface  energies  and  the  tem¬ 
perature  coefficients  of  specific  surface  energy  for  ce¬ 
ramics  are  not  readily  available.  However,  some  values 
are  tabulated,"’’  and  theoretical  techniques  do  exist  to 
calculate  these  parameters."*' 

The  term  ACT  for  compounds  represents  the  free  en¬ 
ergy  of  formation  in  an  isolated  system.  In  the  present 
situation,  the  reaction  product  forms  at  the  interface  ad¬ 
jacent  to  the  alumina.  Therefore,  the  AG°  value  should 
be  corrected  for  any  imeiaction  between  dte  oxide  formed 
and  the  alumina  prior  to  substitution  of  that  value  into 


where  A  and  R  are  the  solute  and  the  solvent,  respec¬ 
tively,  y  is  the  surface  energy,  AH^  is  the  heat  of  so¬ 
lution  of  A  in  B,  is  the  molar  volume  of  A,  and/ and 
g  are  constants.'"’ 


IV.  EXPERIMENTAL  TECHNIQITE 

The  sessile-drop  experiment  is  a  popular  method  to 
evaluate  the  experimental  contact  angles.'*'  Considerable 
inaccuracy  is  associated  with  these  experiments;  the  re¬ 
sults  are  very  sensitive  to  the  local  atmospheric  condi¬ 
tions  around  the  drop.  This  problem  is  particularly  severe 
in  reactive  metals  which  are  prone  to  surface  oxidation. 
There  is  a  continuous  depletion  of  the  reactive  metal  in 
the  alloy.  Also,  the  solid  oxide  layer  on  the  metal  influ¬ 
ences  the  stable  drop  shape. 

Contact  angles  in  the  present  work  were  determined 
experimentally  using  the  capillary  rise  technique.  The 
liquid  levels,  in  the  capillary  rise  method,  can  be  mea¬ 
sured  to  a  better  accuracy  than  solid  angles  subtended 
by  the  liquid  drop  in  the  sessile  drop  experiments.  As 
opposed  to  the  sessile  drop  experiments,  the  capillary 
rise  technique  uses  large  volumes  of  metal;  therefore,  the 
surface  area-to-volume  ratio  is  considerably  reduced.  The 


218— VOLUME  23B.  APRIL  1992 


METALLURGICAL  TRANSACTIONS  B 


surface  contaminants  can  be  bubbled  off  the  tube  by  bub¬ 
bling  argon  through  the  capillary  tube,  and  the  mea¬ 
surements  are  made  away  from  the  oxidized  area. 

The  capillary  rise  apparatus  was  designed  to  measure 
the  depression  of  the  liquid  level  in  the  ceramic  tube  with 
respect  to  the  level  in  the  crucible.  A  schematic  of  the 
experimental  apparatus  is  shown  in  Figure  3.  Experi¬ 
ments  were  performed  in  a  sealed  mullite  chamber  which 
was  evacuated  using  a  mechanical  pump  and  backfilled 
with  high-purity  argon.  The  argon  gas  was  recirculated 
through  the  molecular  sieve  to  scavenge  the  moisture  in 
the  chamber;  the  recirculation  system  was  run  at  an  over 
pressure  of  35  kPa  to  prevent  any  air  infiltration.  The 
a-alumina  tube  was  mounted  on  the  moving  support  as¬ 
sembly  above  the  4S-mm-diameter  by  76-mm-long  cy¬ 
lindrical  graphite  crucible.  The  met^  of  interest  was 
melted  and  maintained  at  the  required  temperature  in  the 
chamber. 

The  liquid  level  in  the  crucible  was  measured  using 
an  acoustic  feedback  technique.  The  chamber  was  brought 
to  the  atmospheric  pressure  by  venting  through  vent 
no.  2  shown  in  Figure  3.  Argon  gas  was  blown  through 
the  ceramic  tube  at  a  flow  rate  of  10"*  mVmin.  and  si¬ 
multaneously,  the  capillary  tube  was  lowered.  The  mo¬ 
ment  the  bottom  of  the  capillary  tube  touched  the  liquid 
metal,  bubbles  were  formed.  The  acoustic  emissions  as¬ 
sociated  with  bubble  formation  were  captured  by  a 
microphone  (Figure  3).  The  level  of  the  tube  when  argon 
began  to  bubble  was  marked  as  the  liquid  level  in  the 
crucible. 

The  liquid  level  inside  the  alumina  tube  was  measured 
using  the  electrical  continuity  principle.  A  continuous 
nichrome  wire,  terminated  at  a  centimeter  inside  the  ce¬ 
ramic  tube,  was  mounted  in  place  prior  to  the  experi¬ 


mentation.  The  other  end  of  the  continuity  wire  was 
connected  to  the  graphite  crucible.  The  circuit  also  con¬ 
sisted  of  an  electric  lamp  that  served  as  a  continuity  de¬ 
tector.  Once  the  liquid  level  in  the  crucible  was  ascertained 
using  the  acoustic  technique,  the  pressure  inside  the  tube 
was  brought  to  the  atmospheric  pressure  by  releasing  the 
argon  gas  through  vent  no.  1.  The  pressure  inside  the 
tube  was  thus  equilibrated  to  the  pressure  in  the  cham¬ 
ber.  The  tube  was  then  lowered  into  the  molten  metal 
until  continuity  was  detected. 

The  difference  between  the  liquid  level  inside  the  tube 
and  the  level  in  the  crucible  is  the  capillary  drop,  h.  The 
height,  h,  can  be  related  to  the  wettability  parameter,  7^ 
cos  0,  by  the  Laplace-Young  equation: 


cos  6  = 


rpgh 

2 


[16] 


where  r  is  the  radius  of  the  capillary  tube,  g  is  the  ac¬ 
celeration  due  to  gravity,  and  p  is  the  density  of  the  liquid. 

Coors  AD-998  alumina  tubes  (4-mm  inside  diameter) 
were  used  to  measure  the  wetting  angle  against  pure  cop¬ 
per,  tin,  lead,  and  copper-S  wt  pet  titanium  alloy.  Met^s 
of  99.99  pet  purity  were  used.  Homogeneous  copper- 
titanium  alloys  were  prepared  in  a  vacuum  induction 
melting  unit  from  a  copper-30  wt  pet  titanium  master- 
alloy  (obtained  from  Metallurgical  Products, 
Pittsburgh,  PA). 

A  graphite  foil  was  used  as  a  sleeve  to  prevent  any 
reaction  between  die  graphite  crucible  and  copper-titanium 
alloy.  The  composition  of  the  alloy  was  verified  by  the 
energy-dispersive  X-ray  attachment  to  the  scanning  elec¬ 
tron  microscope.  No  change  in  composition  was  ob¬ 
served  for  the  alloy  after  the  wetting  experiment. 


VALVX 


Fig.  3 — Experimentai  appanuus  for  capillary  rise  measurefiieiits. 
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Therefore,  the  loss  of  titanium  due  to  oxidation  and  re¬ 
action  with  the  graphite  foil  was  considered  negligible. 


V.  RESULTS 

The  free  energies  of  formation  AC”  at  all  temperatures 
of  interest  were  obtained  from  a  thermochemical  hand¬ 
book. The  specific  surface  energy  data  are  more  dif- 
flcult  to  obtain.  Kingeiy  et  report  a  value  of  90S 
mJ/m^  for  aluminum  oxide  at  1800  °C;  and  Tasker, 
based  on  theoretical  calculations,  reported  an  average 
specific  surface  energy  of  polycrystaUine  alumina  to  be 
2600  Mj/m^  at  zero  degree  Kelvin.  From  these  values, 
a  surface  specific  entropy  (temperature  coefficient  of 
speciflc  surface  energy)  of  0.8  Mj/m^K  was  estimated. 
Based  on  these  values,  AC*”^  was  estimated  for  all  tem¬ 
peratures  of  interest.  Equation  [12]  was  then  used  to  cal¬ 
culate  AG„  for  various  metals.  The  most  stable  oxide  of 
the  metal  was  used  to  calculate  the  AC”.  Free  energies 
and  other  parameters  used  in  the  calculation  are  tabu¬ 
lated  in  Table  II.  A  positive  AC.,  was  obtained  for  cop¬ 
per,  iron,  nickel,  tin,  and  lead;  while  a  negative  frM 
energy  of  wetting  was  obtained  for  titanium,  chromium, 
and  manganese.  This  observation  is  consistent  with  the 
previously  published  experimental  results  (the  cos  6 
values  from  literature  are  reproduced  Bom  Table  1  for 
comparison). 

Reproducible  measurements  of  contact  angle  have  been 
recorded  using  the  capillary  rise  equipment  for  a  few 
alumina-metal  systems.  A  nonwetting  behavior  was  ob¬ 
served  for  copper,  tin,  and  lead  wetting  on  an  alumina 
surface.  Figure  4  shows  the  measured  wettability  param¬ 
eter  y*  cos  0  as  a  function  of  temperature  for  these  met¬ 
als.  The  wettability  parameter  was  found  to  decrease  with 
increasing  temperature.  The  present  experimental  results 
for  a  100  ”C  superheat  for  each  metal  are  also  shown  in 
Table  II.  An  increase  in  the  capillary  level  by  0.8  cm  in 
a  0.4-cm  alumina  tube  was  observed  for  the  copper- 
titanium  alloys,  thereby  implying  a  wetting  behavior. 
However,  a  wettability  parameter  was  not  estimated  in 
wetting  systems  for  reasons  explained  earlier  in  this  article. 


T^mpar.tura  -C 


Fig.  4 — Experimental  wettability  patameters  for  copper,  tin,  and  lead 
in  contact  with  a-AljO,  at  various  temperatures. 


VI.  DISCUSSION 

To  verify  the  surface  wetting  model  predictions,  a 
wettability  map,  similar  to  Figure  2,  was  drawn  between 
AC,,  and  -/*■  cos  9  (Figure  5).  The  experimental  results 
from  this  study  are  shown  in  the  plot  with  error  bars. 
The  values  in  Table  II,  which  are  reported  for  a  100  °C 
superheat  above  the  melting  temperature  of  each  metal, 
are  used  in  the  map.  The  AC,,  values  in  the  wetting  re¬ 
gime  are  shown  as  vertical  lines,  since  the  experimental 


Table  n.  Free  Energies  AG””^,  AG,,  and  Wettability  Predictions  for  Alumina  Surface 


Metal 

Alloy 

T 

rc) 

AG””* 

(mJ/m’) 

AG. 

(kJ/tnole) 

e 

y*'  cos  0 
(mJ/m^) 

Cu 

1183 

-182.0 

135.17 

160<« 

-1221.6 

134* 

-  915.8 

Ni 

1535 

-175.1 

69.12 

122'« 

-  847.8 

128>« 

-1021 

Fe 

1635 

-174.3 

28.5 

110"’ 

-  629.3 

Sn 

432 

-195.9 

25.41 

131"! 

-  355.6 

114* 

-  218.5 

Pb 

523 

-194.5 

81.34 

134* 

-  310 

Cu-5  pet  Ti 

1150 

-172.2 

-  83.27 

- 

Cr 

1950 

-173 

-  22.9 

65’*' 

Mn 

1345 

-179.8 

-  48.84 

70’*’ 

30(101 

— 

’Present  experimental  result 
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AG.  in  kcal/mole 

Fig.  S — Wettability  map  for  various  liquid  metals  in  contact  with 
a-Al203.  The  temperature  for  each  metal  was  chosen  to  be  100  °C 
above  the  melting  point. 

capillary  rise  value  cannot  be  translated  into  the  wetta¬ 
bility  parameter.  The  data  points  shown  in  Figure  5  will 
change  with  temperature;  however,  as  demonstrated  by 
Figure  4,  the  temperature  sensitivity  of  the  wettability 
parameter  is  very  small. 

The  wetting  and  nonwetting  regimes  shown  in  the  plot 
correspond  to  a  negative  and  positive  free  energy  of  wet¬ 
ting.  Nonreactive  metals,  such  as,  copper,  tin,  iron,  and 
nickel,  fall  within  the  nonwetting  region.  The  unique¬ 
ness  of  the  prevent  approach  is  its  ability  to  accurately 
imdict  a  wetting  ’:'ehavior  for  reactive  metals,  such  as 
titanium,  chrom'.:.m,  and  manganese.  The  wetting  re¬ 
gime  also  encompasses  a  bulk  thermodynamic  reaction 
regime  (regiori  1).  A  dotted  line  is  drawn  at  the  point 
where  AGr  is  zero;  chemical  reactions  can  occur  spon¬ 
taneously  at  any  point  to  the  left  of  this  line.  The  dif¬ 
ference  between  AG^  and  AG,,  is  the  surface  energy  G" 
(Eq.  [13]),  which  is  a  function  of  temperature.  It  can  be 
seen  from  the  map  that  titanium,  chromium,  and  man¬ 
ganese  are  present  in  a  regime  (region  2)  where  wetting 
is  possible  but  no  bulk  reaction  can  occur.  This  region 
is  highlighted  in  the  plot  by  shadowing.  Similar  to  the 
plot  shown  in  Figure  2,  regions  3  through  S  are  physi¬ 
cally  meaningless  regimes;  the  presence  of  any  element 
in  these  regions  would  imply  a  failure  of  the  model. 

A  wettability  map  of  this  nature  is  very  useful  in  se¬ 
lecting  metal-ceramic  pairs,  both  for  materials  process¬ 
ing  of  composites  and  joining  applications.  Intimate 
contact  between  the  metal  and  the  ceramic  can  be  ob¬ 
tained  only  when  the  metal  lies  in  region  1  or  2  in  the 
wettability  map.  The  liquid  metal  should  wet  the  surface 
of  the  ceramic  substrate  to  maximize  the  load-carrying 
capability  of  the  metal-ceramic  pair.  However,  a  con¬ 
sideration  just  as  important  as  wettability  is  the  stability 
of  the  metal-ceramic  interface.  If  the  metal  lies  in  the 
bulk  reaction  regime  (region  1),  an  unstable  interface  is 
formed.  The  bulk  chemical  reaction  at  the  interface  is 
limited  only  by  di  kinetic  processes.  With  sufficient  mass 
transport,  a  la^  .terfacial  reaction  zone  will  be  formed. 
Interfacial  reaction  products  typically  are  brittle  mate¬ 
rials  and,  therefore,  can  cause  a  premature  failure  in  the 


mechanical  applications  of  the  metal-ceramic  compo¬ 
nent.  Hence,  a  good  companion  metal,  for  a  given  ce¬ 
ramic,  should  lie  within  the  wetting  regime  where  no 
bulk  reaction  is  possible  (highlighted  region).  In  this  sit¬ 
uation,  the  liquid  metal  is  of  an  optimal  thermodynamic 
activity  which  is  sufficient  to  reduce  the  surface  phase 
but  not  the  bulk  substrate.  Therefore,  a  stable  interface 
results  as  soon  as  the  surface  phase  is  exhausted.  These 
concepts  of  suitable,  but  not  excessive,  interfacial  reac¬ 
tivity  should  apply  equally  well  to  the  materials  pro¬ 
cessing  of  metal-matrix  composites  and  to  metal-ceramic 
joining. 

The  theoretical  approach  demonstrated  here  is  based 
on  purely  thermodynamic  principles;  therefore,  this  ap¬ 
proach  should  be  valid  for  all  interfaces  where  a  chem¬ 
ical  reaction  occurs  at  the  interface.  Although  alumina 
was  the  only  ceramic  discussed  in  this  article,  the  the¬ 
oretical  method  can  be  used  to  identify  the  metals/alloys 
that  form  stable  interfaces  with  any  given  ceramic 
substrate. 

The  fiee-energy  changes  AG.  and  AG^  are  the  driving 
forces  for  reaction  and  wetting,  respectively,  and  the 
values  estimated  are  true  only  at  the  initiation  of  wetting. 
Therefore,  they  can  be  used  only  as  a  criterion  to  predict 
if  wetting  would  occur  for  a  given  system.  This  model 
does  not  attempt  to  explain  the  equilibrium  interfacial 
compositions. 

vn.  CONCLUSIONS 

A  thermodynamic  criterion  has  been  established  to 
predict  wettability  at  metal-ceramic  interfaces — wetting 
occurs  when  the  free  energy  of  wetting,  AG,.,  is  nega¬ 
tive.  This  AGh.  is  the  free-energy  change  associated  with 
the  reaction  between  the  surface  phase  of  the  ceramic 
and  the  metal.  The  model  predictions  have  been  verified 
for  alumina  ceramic. 

Capillary  rise  technique  can  be  successfully  used  to 
experimentally  measure  the  contact  angle  for  nonwetting 
systems. 


LIST  OF  SYMBOLS 


A 

area  occupied  by  one  mole  of  surface  phase 

Om 

activity  of  the  species  M 

Cm 

concentration  of  the  species  M 

r* 

surface  excess  Helmholtz  free  energy 

AG° 

standard  Gibbs  free  energy  of  formation 

AG. 

Gibbs  free  energy  of  reaction 

AG"^ 

Gibbs  free  energy  of  formation  of  the  surface 
phase 

AG,. 

Gibbs  free  energy  of  wetting 

G" 

surface  excess  Gibbs  free  energy 

g 

acceleration  due  to  gravity 

Aff.o. 

enthalpy  of  solution 

ft 

height  of  capillary  change 

m 

near-neighbor  correction  factor 

N 

Avogadro’s  number 

r 

capillary  radius 

S’ 

surface  specific  entropy 

molar  volume 

X 

mole  fraction 

METALLURGICAL  TRANSACTIONS  8 


VOLUME  238,  APRIL  1992—221 


a  alpha  phase 

y  specific  surface  energy 

y"  speciflc  surface  energy  at  zero  Kelvin 

y  solid-vapor  interfacial  energy 

■y  liquid-vapor  interfacial  energy 

y  solid-liquid  interfacial  energy 

r  activity  coefficient 

p  density 
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FUNDAMENTAL  ISSUES  CONCERNING  THE  MICRODESIGNING 
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Abstract: 

Three  distinct  types  of  metal-ceramic  interfaces  are  summarized.  The  nature  of  the 
bonding,  problems  in  quantifying  wettabilify,  the  thermodynamic  driving  force  for  interface 
formation,  and  certain  aspects  of  inteifacial  stabilify  are  discussed  with  the  help  of  examples. 
The  surface  wetting  model  developed  previousfy  by  the  authors  is  also  discussed. 

INTRODUCTION 

Designing  with  materials  for  high  technology  applications  is  a  fast  emerging  field  in 
materials  engineering,  and  mai^  new  composite  components  with  properties  that  are  tailored 
to  the  specific  application  have  been  developed  [1-3].  The  compatibilify  of  the  different 
materials  which  comprise  a  composite  is  an  essential  consideration  in  tailoring  a  composite 
to  its  design.  In  particular,  the  formation  and  stabilify  of  the  internal  interfaces  pose  a 
significant  challenge  to  the  materials  designer. 

In  this  paper,  we  discuss  the  variotis  approaches  available  for  forming  stable  metal- 
ceramic  interfaces  -  both  solid-solid  and  solid-liquid.  Metal-ceramic  composite  components 
are  being  used  in  the  structural  and  electronic  packaging  industiy.  A  structural  component 
such  as  a  silicon  nitride  rotor  brazed  to  a  stainless  steel  shaft  requires  bond  energies  of  the 
order  of  the  cohesive  strength  of  silicon  nitride(~  1600  mJ/h^. 

Ceramic  materials  are  fypically  ionic  or  covalent,  while  metallic  materials  derive  their 
cohesive  energy  from  metallic  bonds.  Therefore,  when  in  contact,  the  difference  in  the 
nature  of  bonding  between  the  metal  and  the  ceramic  results  in  a  largefy  positive  interfadal 
energy.  Since  interface  formation  demands  external  energy,  the  system  is  non-wetting.  The 
first  challenge  of  the  materials  designer  is  to  render  the  ceramic  surface  wettable  Ify  the 
molten  metal.  The  interfacial  energy  can  be  reduced  by  developing  certain  attractive  forces 
across  the  interface.  Based  on  the  nature  of  the  attractive  forces,  wetting  can  be  classified 
as  physical  or  chemical.  This  fype  of  classification  also  aids  in  the  independent  development 
of  quantitative  calculations  of  the  wetting  tendencies. 

The  general  case  of  a  liquid  metal  in  contact  with  the  ceramic  is  shown  in  Figure  1, 
where  a  balance  of  surface  tension  forces  results  in  the  familiar  Young  eqtiation: 

Cos  6  ■  y**  -  y*^  ( 1 ) 

In  this  expression,  y*',  y**  and  y**  are  the  corresponding  suifoce  energies  of  solid/vapor, 
liquid/vapor  and  sohd/liquid  interfaces  respectively.  The  wettabilify  parameter,  y**  cos  9, 
describes  the  wetting  tendency  of  the  liquid  on  the  solid  substrate.  A  positive  value  signifies 
a  wetting  fystenL  This  is  a  very  simplistic  interface  model,  arxl  is  inadequate  to  describe 
tnaify  chemically  wettmg  metal-ceramic  fystems.  Qtemicalfy  wettir^  systems  refy  on 
irreversible  chemical  bond  formation  at  the  interface;  vriien  new  interfadal  phases  form  a 


simple  surface  tension  balance  presented  in  Eqn.  1  is  no  longer  valid. 

Physical  and  chemical  wetting  principles  are  illustrated  with  examples  in  the  following 
sections,  l^ch  approach  is  evaluated  in  terms  of  the  wetting  susceptibility,  bond  energies  and 
the  stability  of  the  interface  Apart  from  wetting,  spreading  of  the  liquid  on  the  ceramic 
surface  is  an  important  consideration  from  a  processing  point  of  view.  An  attempt  is  made 
to  understand  spreading  in  each  situation.  A  predictive  model  developed  the  authors  to 
isolate  the  reaction  wetting  systems  is  also  discussed  [4]. 

PHYSICAL  WETTING 

Physical  wetting  can  be  defined  as  the  phenomenon  observed  in  a  solid-liquid  system 
where  the  interface  formation  is  energetically  favored  the  reversible  physical  forces  across 
the  interface.  Van  der  Waals  forces  and  electrostatic  attractions  are  examples  of  such 
physical  forces. 

van  der  Waals  Forces 

Benjamin  and  Weaver  [S]  treated  the  first  monolayer  of  the  metal  deposited  on  the  ceramic 
as  a  physically  adsorb^  gas,  and  developed  procedures  to  calculate  the  van  der  Waals 
attractive  forces.  Mcdonald  and  Eberhard  [6]  used  a  physio-chemical  approach  to 
quantitatively  explain  the  observed  wetting  angles  and  the  work  of  adhesion.  The  observed 
work  of  adhesion  was  treated  as  a  sum  of  the  contributions  from  the  physical  and  chemical 
forces.  They  estimated  the  van  der  Waals  forces  from  the  ionization  potentials  and  the 
polarizabilities  of  the  metal  atoms  according  to  Benjamin  and  Weaver  [5].  For  most  metals 
in  contact  with  alumina,  the  van  der  Waals  energy  was  estimated  to  be  ~  500  Mj/m* .  These 
forces  are  relatively  weak  compared  to  the  bond  energies  developed  from  chemical  bonds. 
Naidich  [7]  used  a  similar  approach  to  calculate  the  van  der  Waals  energies  and  obtained 
energies  of  the  same  orders  of  magnitude. 


Image  Chaigqt 

Stoneham  and  Tasker  in  a  series  of  publications  [8-10]  argue  that  the  image 
interactions  based  on  the  polarizability  of  a  ceramic  is  the  primaiy  force  of  adhesion.  When 
a  planar  boundaiy  separates  two  media  of  differing  dielectric  constants,  the  charges  in  each 
medium  feel  the  effect  of  the  boundaiy  (Figure  2).  The  electrostatic  force  that  results  can 
be  calculated  in  simple  terms  by  the  so^alled  image  charges.  The  boundaiy  is  imagined  to 
be  a  mirror  plane  and  each  charge  contributes  to  the  interaction  term  a  force  whose 
magnitude  depends  on  the  two  dielectric  constants  ^  and  Therefore,  at  a  distance  z  firom 
the  boundaiy,  a  charge  Q  causes  an  image  charge  related  work  of  adhesion  (E): 


E  = 


r  . 

2Z€^ 


(2) 


Assuming  a  boundaiy  separation  of  Z  =  20  nm,  the  dielectric  constant  of  the  ceramic  to  be 
6*  =  10,  the  dielectric  constant  of  the  metal  to  be  =  «,  and  the  charges  to  be  singly 
ionized  with  a  surface  charge  density  of  lO'^  cbargcs/m\  the  image  term  yields  an  inteifadal 
energy  of  290  mJ/m\  This  energy  can  reach  1500  mJ/rc?  if  multiple  chaige  states  are 
present.  According  to  this  theory,  materials  with  high  charge  density  are  the  most  amenable 


for  electrostatic  wetting.  The  dielectric  constant  is  a  material  property  that  measures  the 
^  charge  densities.  Most  metals  wet  any  ceramic  with  a  dielectric  constant  greater  than  6.5. 

Critical  to  obtaining  the  large  work  of  adhesion  suggested  by  Stoneham  and  Tasker 
(E  in  Eqn  2.)  is  the  assumed  distance  of  separation.  It  seems  unreasonable  to  assume  a 
separation  of  20  nm.  Also,  all  the  surface  defects  are  not  present  in  the  top  monolayer. 
Furthermore,  there  is  no  concrete  experimental  evidence  to  corroborate  the  magnitude  of 
this  term. 

Examples 

Metal-ceramic  interfaces  in  electronic  components  do  not  have  stringent  bond  energy 
requirements.  Physical  forces  can  be  very  useful  in  such  applications,  because  an  interfacial 
chemical  reaction  can  result  in  deleterious  interfacial  properties.  Another  form  of  physical 
>  adhesion  promotion  has  been  observed  in  ion  beam  enhanced  adhesion  of  thin  films.  A  thin 

metallic  film  deposited  on  a  ceramic  or  glass  substrate  demonstrates  an  improvement  in 
adhesion  of  two  orders  of  magnitude  after  a  post  bonding  irradiation  treatment  [11-12].  This 
phenomena  has  been  observed  in  alumina,  silica,  and  glass  substrates  with  various  metal 
depositions,  including  gold,  silver,  and  copper.  There  are  no  convincing  theoretical 
)  explanations  available  in  the  literature  to  explain  this  phenomenon. 

Wetting  and  Spreading 

The  Young  equation  (Eqn.  1)  is  relatively  descriptive  of  the  energy  balance  in 
physically  wetting  systems.  Therefore,  the  contact  angle  quantitatively  measures  the  wetting 
tendency.  The  interfacial  work  of  adhesion  can  be  derived  from  the  Young  equation: 

W  =  (  1  +  cos  e  ]  (3) 

This  situation  is  more  complicated  in  chemicalfy  wetting  systems.  Physical  wetting  does  not 
pose  any  serious  threat  to  interfadal  stability.  No  electron  or  charge  is  transferred  across  the 
interface  when  physical  wetting  occurs;  hence,  the  interfacial  stability  is  maintained. 
Spreading  can  be  defined  to  occur  when  the  liquid,  after  attaining  the  zero  contact  angle 
configuration,  has  further  driving  force  to  cover  ^e  surface  of  the  solid.  The  liquids  that  are 
capable  of  spreading  do  not  form  stable  contact  angles.  Thermot^amically,  spreading 
occurs  when  (y*^  -  y**)  >  y*^.  This  condition  is  satisfied  when  y“  is  very  sm^;  often 
spreading  is  toown  to  occur  when  y**  is  negative.  Mathematically,  spreading  can  be 
expressed  in  terms  of  a  spreading  coefficient  S,  defined  as: 

S  =  y-^  -  y*i  -  y»^  (4) 

According  to  this  equation,  spreading  can  occur  only  when  S  is  positive. 

CHEMICAL  WETTING 

Interface  formation  Ity  virtue  of  chemical  bonds  across  the  interface  can  be  defined 
as  chemical  wetting.  Chemic^  bonds  are  formed  when  the  electronic  structure  of  the  surface 
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atoms  of  both  the  mating  species  are  altered  Such  changes  can  occur  by  a  charge  transfer 
reaction  or  by  a  simple  mixing  process  of  one  phase  dissolving  in  the  other. 

SOLUTION  REACTIONS 

Qiemical  bonds  are  formed  automaticalfy  when  one  phase  dissolves  in  the  other.  Two 
materials  of  similar  bonding  nature  tend  to  exhibit  moderate  mutual  solubilities.  An  elegant 
exploitation  of  this  situation  in  metal-ceramic  oxide  system  is  achieved  1^  oxidizing  the 
metal: 

M  +  1/20,**  MO  (5) 

The  metal  oxide  and  the  ceramic  oxide  can  then  combine  as  a  solution.  The  ceramic  phase 
diagrams  can  be  used  as  a  predictive  tool  to  identify  both  the  ^tems  that  are  amenable  to 
solution  wetting  and  the  appropriate  processing  temperature.  Three  iUustrative  phase 
diagrams  are  shown  in  Figure  3.  '^ese  oxide-oxide  phase  diagrams  show  two  fypes  of  mixing 
amongst  the  two  components,  a  terminal  solid  solubilify  (Figure  3b)  and  a  complex  oxide  or 
compound  formation  (Figure  3c).  In  Figure  3a,  there  is  no  solubilify  in  the  soUd  state;  and 
therefore,  it  is  impossible  to  form  chemical  bonds,  below  the  eutectic  temperature,  between 
the  two  components  that  exhibit  this  fype  of  phase  diagram.  However,  the  components  found 
in  phase  diagram  of  the  type  shown  in  Figures  3b  or  3c  are  amenable  to  solid  solubilify  and 
can  be  processed  below  the  eutectic  temperature  to  obtain  a  favorable  interface.  In  all  three 
cases,  at  temperature  Tj,  when  MO  is  a  liquid,  the  liquid  dissolves  the  solid  to  reach  the 
liquidus  composition,  and  hence  will  wet  the  soUd. 

A  soUd-soUd  contact  at  the  processing  temperature  is  kineticalfy  unfavorable.  Also, 
an  intimate  atomic  contact  at  the  interface  is  essential  to  realize  the  maximum  possible  bond 
energy.  These  factors  make  a  Uquid-soUd  contact  much  more  desirable  for  materials 
processing.  Ceramic  oxides  of  commercial  interest  usually  melt  at  relativefy  high 
temperattues.  Therefore,  this  approach  is  very  effective  in  fystems  where  a  low  melting 
metal  oxide  can  be  formed.  The  eutectic  compositions  in  the  metal-oofygen  phase  diagrams, 
(iron-ofygen  and  copper-Ofygen  (Figure  4))  are  very  conducive  to  such  a  Uquid  phase 
formation  at  the  interface. 

Wetdiig  and  Spreading 

It  is  helpful  to  quantitativefy  order  the  various  wetting  tendencies.  In  plfysicalfy 
wetting  fystems,  it  was  shown  that  the  contact  angle  is  a  quantitative  measure  of  the  wetting 
tendencies;  however,  in  chemically  wetting  fystems  it  is  not  true.  Formation  of  a  new  phase 
interposes  a  new  interface,  and  the  simpUstic  Young  equation  caimot  describe  the  inte^cial 
balance  in  this  case.  Furthermore,  the  contact  angle  in  solution  wetting  fystems  is  also  a 
function  of  the  nature  of  the  soUd  and  the  Uquid.  Sharps  et  al  [19]  demonstrated  that  when 
equilibrium  soUds  and  Uquids  are  brought  into  contact,  the  Uquid  does  not  spread  on  the 
soUd.  Figure  5  shows  the  copper-gold  phase  diagram  and  some  observed  sessile  drop 
configurations  [19].  A  soUd  of  composition  that  falls  on  the  soUdus  (B  in  Figure  S)  or  a  Uquid 
composition  on  the  Uquidus  (C  in  Figure  5)  are  considered  to  be  passive  phases;  any  other 
composition  is  considered  to  be  active.  The  Uquid  spreads  on  the  soUd  whenever  the  soUd 


4 


is  active.  When  an  active  liquid  (D  on  B  in  Figure  5)  is  in  contact  with  a  passive  solid  the 
liquid  dissolves  some  of  the  solute  from  the  solid  and  a  solution  bonding  occurs;  however, 
the  contact  angle  does  not  reduce  to  zero  [19].  When  the  solid  dissolves  the  liquid  (D  or  B 
on  A  in  Figure  5)  a  rapid  decrease  in  contact  angle  and  spreading  are  observed.  Hence  the 
contact  angle  is  not  a  true  representation  of  the  interfacial  energy  balance. 

The  above  idea  can  be  applied  to  the  phase  diagrams  shown  in  Figure  3  to  investigate 
the  spreading  tendencies.  At  Tj  when  liquid  MO  and  solid  CO  are  in  contact,  the  phase 
diagrain  in  Figure  3a  would  correspond  to  a  passive  solid  and  active  liquid  (D  on  B  in 
Figure  6).  In  this  situation,  even  though  a  solution  reaction  occurs,  spontaneous  spreading 
is  not  ob^rved.  For  the  same  conditions  in  Figure  3b  and  3c,  both  the  solid  and  the  liquid 
are  active  and  hence,  a  desirable  spreading  is  observed. 

Examples 

The  solution  wetting  approach  has  been  used  in  glass-metal  sealing  since  19S0  [13], 
and  detailed  studies  concerning  mechanism  of  glass  softening  and  oxide  solution  have  been 
published  [14-lS].  Since  the  ceramic-metal  couple  is  the  topic  of  interest  in  the  present 
paper,  glass-metal  systems  will  not  be  further  discussed.  Wetting  by  solution  reactions  were 
demonstrated  by  Chaklader  et  al.  in  the  alumina-copper  oxide  system  [16],  and  later  the 
same  ^tem  was  commercially  applied  [17].  Pure  copper  does  not  wet  alumina  [4];  however, 
copper  oxide  additions  to  copper  causes  rapid  wetting.  Figure  4  shows  the  copper-ojq^gen 
phase  diagram  [18].  As  can  be  seen  from  the  figure,  copper-  039  wL  %  ojgrgen  eutectic 
melts  at  1065°C  Upon  preoxidation  of  copper  (Eqn  S.)  or  copper  oxide  addition  a  eutectic 
melt  forms  at  the  interface,  above  1065*X1  When  in  contact  with  alumina,  the  oxide 
undergoes  a  solution  reaction  with  alumina.  A  closer  look  at  the  copper  oxide  -  alumina 
phase  diagram  (Figure  6)  reveals  that  it  is  similar  to  the  phase  diagram  in  Figure  3c. 
Therefore,  a  spinel  phase  forms  according  to  the  reaction: 

Cu,0  +  A1,0,  2  CuAlO,  AG.  ( 6 ) 

and  exhausts  the  liquid  at  the  interface.  Once  the  liquid  oxide  phase  is  exhausted,  pure 
copper  is  in  contact  with  alumina  and  the  spinel.  Since  copper  does  not  have  the 
thermodynamic  potential  to  reduce  either  phase,  a  stable  interface  is  formed.  Since  both 
liquid  copper  oxide  eutectic  and  alumina  are  active  phases,  spontaneous  spreading  occurs. 
The  final  equilibrium  structure  consists  of  AI2O3  in  contact  with  CUAIO2.  Although  the  above 
discussion  was  based  on  oxide  ceramics,  this  approach  can  be  used  equalfy  well  in  non-oxide 
ceramics. 

In  summary,  the  three  desirable  conditions  for  solution  wetting  are:  a)  a  low  melting 
eutectic  metal-anion  combination,  b)  some  solubili^  or  spinel  formation  at  the  processing 
temperature,  and  c)  a  solid  that  is  active  (i.e.  a  solid  that  can  dissolve  the  liquid).  Interfacial 
stability  during  application  is  rarely  a  problem  because  the  active  liquid  ph^  is  exhausted, 
and  the  metal  does  not  have  independent  thermodynamic  activi^  to  reduce  the  ceramic. 
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RRniimON  REACTIONS 

Active  brazing  or  direct  bonding  [20-22]  is  a  popular  technique  that  has  been  recently 
developed  to  braze  metals  to  ceramics.  The  procedure  involves  reducing  the  anions  on  the 
surface  of  the  ceramic  with  a  reactive  metal  in  the  braze.  Only  reactive  metals  with  sufiScient 
thermodynamic  activity  to  reduce  the  ceramic  can  be  used  for  this  purpose.  Titanium, 
zirconium,  manganese  and  molybdenum  are  popular  materials  for  this  purpose;  they  are  very 
often  added  in  a  small  percentage  to  an  otherwise  noble  braze  alloy.  The  main  advantage 
of  this  process  is  its  effectiveness  on  most  commercial  ceramics,  including:  alumina  [21], 
silicon  carbide  [23],  and  silicon  nitride  [24].  A  crucial  problem  with  redox  wetting  is  the 
interfacial  stabiUty.  A  reduction  reaction  occurs  onty  when  the  free  energy  change  for  the 
reaction  is  negative.  This  implies  that  further  reaction  can  occur  in  service,  and  a  large 
interfacial  reaction  layer  can  be  formed.  Ceramic  composite  components,  metal-ceramic 
brazed  parts,  and  ceramic  thermal  barrier  coatings  are  typically  used  at  relativety  high 
temperatures;  hence,  the  interfadal  reaction  ram  is  relativety  high.  Extensive  interfacial 
phase  zones  have  been  observed  in  the  zirconium-alumina  system  [25]  and  in  aluminum- 
silicon  carbide  metal  matrix  composites  [26].  However,  not  all  reduction  wetting  tystems 
suffer  from  interfacial  instability.  The  conventional  molybdenum-manganese  process  [27-28] 
and  the  solid  state  niobium-tdumina  brazing  process  [29]  do  not  form  large  interfacial 
reaction  layers. 

Example 

The  niobium-alumina  interface  is  of  great  commercial  interest  for  two  reasons.  Both 
materials  have  very  similar  thermal  expansion  coefficients,  and  a  reasonable  lattice  matching 
at  the  niobium  (110)  and  alumina  (0001)  interface.  High  resolution  transmission  electron 
microscopy  studies  on  diffusion-bonded,  single  aystal  alumina-niobium  by  maity  researchers 
[30-32]  have  revealed  an  atomically  smooth  in^rface.  In  a  recent  stutty,  F.  S.  Ohuchi  and 
M.  Kohyama  [29]  used  X-ray  and  dtra  violet  photoelectron  spectroscopy  to  monitor  the  in 
situ  electronic  structure  changes  of  the  alumina  surface  atoms  upon  deposition  of  various 
metals.  These  techniques  map  the  core  and  valence  electron  density  of  states.  A  shift  in  the 
peak  position  corresponds  to  an  electronic  structural  change  that  is  associated  with  chemical 
bond  formation.  Bas^  on  the  spectroscopic  analysis  and  empirical  tight  binding  energy  band 
calculations,  they  concluded  that  a  chemical  bond  develops  between  the  deposited  niobium 
atom  and  the  oxygen  atom  on  the  surface  of  alumina. 

A  therm^ynamic  rationalization  of  such  a  bond  formation  would  involve  the 
following  reactions: 

AljOj  ♦  3/2Nb  ^3/2NbO,  ♦  2A1  AG^  (7) 


NbO,  *  AI3O3  ^AljNbO,  (8) 

The  free  energy  changes  for  these  reaction  can  be  calculated  from  standard  thermodynamic 
expressions.  The  required  standard  free  energy  of  formation  is  available  from 
thennottynamic  data  books  [33].  An  assumption  concerning  the  activity  of  aluminum  needs 
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to  be  made  before  the  Gibbs  free  energy  change  can  be  estimated.  For  the  present 
purposes,  ideal  mixing  at  a  percent  dissolution  of  aluminum  in  niobium  is  used  [4].  The 
reaction  shown  in  Eqn.  8  is  a  complex  ceramic  double  oxide  formation  reaction,  and 
commonly,  the  thermocfynamic  data  for  such  reactions  are  not  available.  However, 
Kubaschewski  [34]  tabulated  the  double  oxide  formation  energies  involving  alumina  and  an 
other  transition  metal  oxide.  For  these  materials,  the  free  energy  of  double  oxide  formation 
was  found  to  be  less  than  10  kcal/mole.  Therefore,  it  is  reasonable  to  assume  that  the  energy 
change  for  the  reaction  shown  in  Eqn.  8  is  negligible  compared  to  the  reduction  reaction  in 
Eqn.  7.  The  Gibbs  free  energy  change  for  reaction  shown  in  Eqn.  7  was  estimated  to  be  + 
42  kcal/mole.  Therefore,  according  to  bulk  thermotfynamic  calculations,  a  chemical  reaction 
is  not  feasible. 

Surface  Wetting  Model 

Such  discrepancies  in  liquid  metal-alumina  systems  were  explained  by  a  surface 
wetting  model  developed  at  the  Colorado  School  of  Mines  by  the  current  authors  [4]. 
Wetting  was  treated  as  a  surface  phenomenon  and  a  surface  reaction  monolayer  was 
considered  sufficient  to  cause  wetting.  Although  this  model  was  developed  for  liquid  metal- 
alumina  systems,  it  can  be  used  without  much  modification  to  explain  the  observed  behavior 
in  the  niobium-alumina  ^tem. 

The  surface  of  alumina  can  be  treated  as  a  separate  phase  with  unique 
thermodynamic  properties.  A  surface  phase  formation  energy,  AG*^  that  is  similar  to  the 
bulk  formation  energy,  AG"  can  be  de^ed.  The  atoms  on  the  surface  are  at  a  higher  energy 
than  the  bulk;  this  energy  can  be  expressed  in  terms  of  Gibbs  excess  energy,  G”: 

<») 

The  procedure  established  to  estimate  G”  involves  the  use  of  experimental^  estimated 
surface  specific  energy  y;  details  of  the  calculation  are  published  elsewhere  [13]. 

Now,  a  reaction  between  the  surface  phase  of  alumina  and  niobium  can  be 
considered. 


+  3/2Nb  •p‘3/2Nb02  +  2A1  (10) 


and  the  free  energy  change  for  that  reaction  denoted  as  free  energy  of  wetting  AG,^ 

i  \ 


ag. 


3/2AG^  -  AG^^3 


+  G” 


+  RTln 


(11) 


This  value  was  estimated  to  be  -  120  kJ/mole.  Hence  this  reaction  can  proceed  in  the 
forward  direction.  Figure  7  [4]  shows  the  similar  AG„  plotted  against  the  mcperimentally 
measured  wetting  angles  for  molten  metals  and  alloys.  The  positive  y'^cos  B  and  the  negative 
AG,y  imply  a  wetting  ^tem.  Noble  metals  fall  in  region  6  since  they  do  not  have  sufficient 
thennoitynamic  activity  to  reduce  the  surface  or  bulk  phase  of  alumina.  Titanium,  manganfttft 
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and  chromium  fall  in  the  region  where  a  surface  wetting  is  possible  but  a  bulk  reaction  is 
not.  This  corresponds  to  wetting  process  where  AG^  is  positive  while  AG^  is  negative.  As 
seen  earlier,  this  is  also  true  for  the  solid  state  reaction  between  niobium  and  alumina 
Hence,  niobium  would  fall  in  region  2  of  the  plot  in  Figure  7.  Niobium,  when  in  contact  with 
alumina,  reduces  the  o)Qrgen  on  the  surface.  As  soon  as  the  surface  phase  is  exhausted,  the 
driving  force  for  reaction  no  longer  exists  and  a  stable,  atomically  smooth  interface  is 
obtained.  This  model  has  also  been  applied  to  quartz-metal  interfaces,  and  a  reasonable 
correlation  between  the  theoretical  predictions  and  the  experimental  wettabilities  was 
observed  (Figure  8)  [35]. 

Wetting  and  Spreading 

Quantitative  wettability  predictions  are  very  complex  for  redox  ^tems.  There  are 
very  few  models  that  attempt  to  address  the  quantitative  aspects  of  reaction  wetting.  Pask 
[36]  argues  that  interfacial  energy  balance  is  tdtered  by  the  energy  released  in  the  reaction, 
and  that  the  reaction  energy  can  be  included  in  the  Young  equation  as  a  correction  term. 
However,  as  mentioned  before,  formation  of  a  new  phase  generates  a  new  interface,  and  a 
single  interfacial  energy  term  cannot  completely  describe  the  interfacial  energy. 

The  instant  the  reactive  metal  comes  in  contact  with  the  ceramic,  a  non-wetting 
contact  angle  is  formed  because  no  reaction  has  occurred.  The  interfacia]  reaction  products 
or  chemical  bonds  form  by  surface  nucleation  and  growth  [37]  under  the  reactive  melt 
There  are  no  concrete  models  that  explain  wl^  the  liquid  spreads  beyond  the  initial  triple 
point.  Figure  9  schematically  describes  the  dynamic  situation  where  the  liquid  spreads  on  the 
solid  ceramic.  The  observed  contact  angle  is  a  complex  function  of  the  kinetic  arrests  at  the 
triple  point  Experimental  procedures  to  isolate  this  phenomenon  and  understand  the  driving 
force  for  spreading  are  current^  in  progress  at  the  Colorado  School  of  Mines.  The  contact 
angle,  often  reported  as  the  quantitative  measure  of  the  wetting  tendency  [6,7]  does  not 
contain  any  information  concerning  the  fundamental  work  of  adhesion. 

CONCLUSIONS 


Three  distinct  types  of  metal-ceramic  interfaces  exist  The  essential  features  of  these 
interfaces  are  summari^  in  Table  L 

•  Physically  wetting  tystems  are  very  rare  and  very  few  commercial  ^camples  exist  The 
bond  energies  obtained  in  this  type  of  interface  are  relatively  low.  The  interface 
formed  obeys  the  classical  interfacial  equilibrium  analysis. 

•  Metal-ceramic  interfaces  of  commercial  interest  rely  on  chemical  bond  formation  at 
the  interface.  Wetting  and  spreading  in  these  tystems  cannot  be  treated  by  using  the 
initial  surface  and  interfadal  energy  terms. 

•  Solution  wetting  systems  do  not  suffer  from  excessive  interfadal  reaction. 
Ceramics  that  can  be  advantageousty  joined  to  metals  Ity  this  approach  are 
limited  tty  the  solubility  and  interfadal  liquid  layer  formation. 

•  Most  ceramics  can  be  bonded  to  metals  using  a  reduction  reaction  route; 
however,  the  interfadal  stability  demands  careful  consideration.  Wettability 
maps  can  be  used  to  identify  the  metals  or  alloys  which  reduce  onfy  the 
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surface  phase  of  the  ceramic  and  remain  in  equihbrium  with  the  bulk  of  the 
ceramic. 
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Table  L  Summaiy  of  the  Three  Distinct  Types  of  Metal-Ceramic  Interfaces 


Wetting 

Driving  Force  For 
Interface  Formation 

IVpical 

Bond 

Energies 

mJ/M* 

Predictive  Tool 

Examples 

Physical 

van  der  Waals 

Electrostatic 

500 

Dielectric 

Constant 

NiO-M 

Chemical 

~  1600 

Mixing 

AG„ 

Phase 

Diagrams 

CUO-AI2O3 

Redox 

AG, 

Wettability 

Maps 

Ti-AljOj 
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Figure  1.  A  schematic  iUustration  of  wettability  for  a  liquid  metal  in  contact  with  a 
ceramic  substrate. 

Figure  2.  A  schematic  illustration  of  the  image  charges  developed  at  metal-ceramic 
interfaces  [9]. 

Figure  3.  Oxide-oxide  phase  diagrams  showing  various  types  of  solubilities 

Figure  4.  The  copper-oxygen  phase  diagram  [18]. 

Figure  5.  a)  The  copper-silver  phase  diagram. 

b)  The  sessile  drop  morphology  for  various  solid-liquid  interfaces  [19]. 

Figure  6.  The  Aluminum  oxide  -  copper  oxide  phase  diagram  [18]. 

Figure  7.  Wettability  map  for  various  liquid  metals  in  contact  with  a-Al203.  The 

temperature  for  each  metal  was  chosen  to  be  KXFC  above  the  melting  point 

[4]. 

Figure  8.  Wettability  map  for  various  liquid  metals  in  contact  with  Quartz.  The 
temperature  for  each  metal  was  chosen  to  be  100°C  above  the  melting  point 
[35]. 


Figure  9.  Schematic  Diagram  illustrating  the  spreading  of  a  liquid  drop  on  a  ceramic 
substrate 
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Figure  1.  A  schematic  iUustration  of  wettability  for  a  liquid  metal  in  contact  with  a 
ceramic  substrate. 
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conpositas  hy  liquid  natal  infiltration  offers  najor  econonic  advantages 
over  solid-state  processing.  Naverthelass,  there  are  nany  inherent 
problans  associated  with  the  technique  as  related  to  wettability  and 
liquid-natal  flow  behavior.  To  be  presented  are  the  results  of  research 
conducted  to  develop  a  better  understanding  of  the  interfaclal  * 

pre-conditioning  reactions  in  relation  to  the  incubation  tine  prior  to  the 
onset  of  liquid  natal  inf il  ration.  Analysis  of  results  of  ezperlnents 
has  yielded  inforaation  on  the  tenperature  sensitivity  and  pressure 
dependence  of  the  incubation  tine,  as  well  as  the  tenperature  sensitivity 
of  the  incipient -flow  threshold  pressure. 
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IHTRODOCTIOH 


Metal  aatriz  coapositea  are  often  the  leading  contendere  for  advanced 
technological  appllcatlona  where  specific  (density  nomallsed)  properties 
are  of  great  laportance.  Atteapts  to  adopt  this  aaterlal  for  less 
critical  applications  havd^been  frustrating  because  of  the  high  . 
fabricating  costs  associated  with  these  asterlals.  Most  successful 
priaary  fabrication  techniques  Involve  soae  kind  of  solid  state 
process  [1].  The  liquid  aetal  processes  to  date  are  less  successful; 
however,  these  processes  are  significantly  aora  econoalcal.  The  Inherent 
probleas  associated  with  the  liquid  aetal  approach  are  related  to  the 
non-wetting  nature  of  ceraalc  surfaces.  Hence,  the  priaary  task  of 
fsbrlcatlon  processes  sdoptlng  this  route  would  be  to  render  the  ceraalc 
wettable  by  the  aolten  aetal. 

Extending  the  squeese  casting  technique  to  Infiltrate  the  liquid 
aetal  Into  the  porous  ceraalc  Is  of  recent  Interest  [2,3,4].  Intlltratlon 
occurs  when  the  applied  external  pressure  overcoaes  the  resisting  force 
due  to  Interfaclal  free  energy.  In  a  previous  study,  Martins  et  al.  [5] 
have  quantified  the  physical  paraaeters  associated  with  the  fluid-flow 
behavior  of  the  Infiltration  process,  snd  have  analytically  described  the 
rate  of  Infiltration. 

A  process  slallsr  to  squeeze  casting  Is  a  probable  route  for 
coaaerclal  production  of  dlscontlnuously  reinforced  coaposltes. 

Therefore,  a  fundaaental  understanding  of  the  Infiltration  behavior,  and 
Its  dependence  on  process  paraaeters  such  as  taaperature  and  pressure  sre 
of  considerable  laportance.  There  have  been  aany  efforts  In  the  past  to 
characterize  the  Infiltration  behavior  [6,7],  yet  we  are  far  froa  a 
coaplete  understanding  of  this  coaplex  Interfaclal  phenoaena. 

The  present  work  Is  an  effort  to  study  experlaentally  the  effects  of 
pressure  and  taaperature  on  the  Infiltration  kinetics  of  liquid  alualnua 
Into  SIC  porous  coapacts.  Initial  experlaents  [9]  established  the 


Figure  1.  SEM  photoalcrographs  of  o-slllcon  carbide  powder  (a)  X200 
and  (b)  Z500. 
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•zlstanes  of  on  Incubation  tina  bafora  any  Infiltration  could  ba 
Inltlatad.  A  pro-conditioning  reaction  nodal  was  hypothoslsad  to  explain 
the  Incubation  tlaa.  A  phanonanologlcal  rata  aquation  for 
pre-conditioning  was  azparlaantally  astabllshod,  and  the  threshold 
pressure  --  the  alnlnua  pressure  required  for  Infiltration  after 
Incubation  --  was  astlnatad  for  tha  systoa,  at  sawaral  taxparaturas .  The 
results  obtained  are  dlsc|^sad  In  light  of  tha  above  nodal  and  tha 
theoretical  developnent  by  Kartlns  at  al  [5]. 


mERIMZNTAL  PROCEDDRE 


Infiltration  sanples  were  prepared  by  cold  compacting  a-SlC 
particles  with  a  mean  dlaneter  of  60  ^  ±  15  fim,  to  a  void 
fraction  of  approximately  0.35.  Scanning  electron  micrographs  of  the 
particles  are  shown  In  Figure  1.  Examination  of  the  surfaces  of  the  SIC 
particles  by  x-ray  photoaleetron  spectroscopy  (EPS)  revealed  the  presence 
of  oxygen.  The  EPS  spectra  of  the  SIC  particles  in  the  as-received 
condition  are  shown  in  Figures  2(a)  and  2(b).  The  surface  survey 


(a) 


(b) 


Figure  2.  EPS  spectra  of  as-received  SIC  particles  (a)  surface  survey, 
(b)  deconvoluted  01s  spectrum. 
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Indlcatss  th«  presence  of  «  significant  aaount  of  oxygen.  A  narrow  scan 
of  the  01s  peak  followed  by  deconwolution  of  its  spectrua  uncowered  two 
distinct  peaks  at  binding  energies  of  530.5  and  532.4  eV.  The  lower 
energy  peak  corresponds  to^lectrons  fron  a  SiO  subozide.  The  presence 
of  either  adorbed  oxygen,  or  water  is  correlated  to  the  higher  energy 
peak.  A  one  to  two  nonolayer  of  organic  contaainatlon  was  also  detected. 
This  organic  contaaination  together  with  the  adsorbed  oxygen  species, 
contributed  to  a  layer  not  aore  than  20  A*  (0.2  na). 

The  coapact  was  foraed  in  a  304  stainless  steel  tube,  approxlaately 
92.0  aa  (3.63  in.)  long,  outer  diameter  of  19.1  aa  (0.75  in.),  and  inner 
diameter  of  12.7  aa  (0.50  in.).  The  powder  was  supported  by  a  sintered 
stainless  steel  filter  (with  15  /m  pores)  located  In  Its  bottom  end 
and  was  compacted  from  the  top  with  a  slug  of  aluminum,  approxlaately  6.0 
gm,  under  an  applied  load  of  11.1  kN  (2500  lbs).  The  Inner  surface  of  the 
stainless  steel  tube  was  coated  with  a  ceramic  adhesive  barrier-coating  to 
prevent  reaction  with  aluminum.  Argon  was  supplied  to  the  stainless  steel 
fixture  holding  the  coapact,  via  a  6.4  aa  (0.25  in.)  stainless  steel  tube 
connected  to  a  stainless  steel  compression  fitting  (with  brass  ferrule) 
attached  to  the  top  of  the  aforementioned  fixture. 

After  the  fixture  was  placed  In  the  cold  zone  of  the  furnace  chamber, 
the  chamber  was  purged  of  oxygen  by  evacuating  and  back  filling  It  three 
times  with  argon.  The  fixture  was  then  lowered  Into  the  hot  zone  and 
allowed  to  equilibrate  for  one  hour.  A  schematic  of  the  Infiltration 
chamber  la  given  In  Figure  3. 

The  Infiltration  process  was  Initiated  by  closing  the  bottom  Inlet 
valve  (argon  supply  to  the  chamber)  and  venting  the  chamber  to  atmosphere; 
thereby  creating  a  pressure  difference  across  the  compact.  After  a 
specified  time  had  elapsed,  the  vent  was  closed  and  the  argon  valve  was 
re-opened  to  equilibrate  the  system.  The  fixture  was  then  raised  into  the 


Figure  3.  Schematic  of  the  experimental  Infiltration  apparatus:  (a) 
pressure  gauge,  (b)  controlled-atmosphere  chamber,  (c)  vent 
valve,  (d)  Marshall  furnace,  (e)  bottom  valve,  (f)  argon  supply, 
(g)  compression-seal  fittings,  (h)  stainless  steel  tube,  (1) 
aluminum  slug,  (J)  silicon  carbide  compact,  (k)  porous  plug, 

(1)  graphite  crucible,  and  (m)  thermocouple. 
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Figure 


Figure 


4.  Inflltretion  distance  versus  square  root  of  elapsed  time  for 
aluainum  in  silicon  carbide  at  an  applied  press\ire  of  10  psi 
(68  kPa). 
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5.  Infiltration  distance  versus  square  root  of  elapsed  time  for 
aluminum  in  silicon  carbide  at  an  applied  pressure  of  15  psi 
(103  kPa). 
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INFILTRATION  DISTANCE  (IM) 


Flgur*  6.  Infiltration  distance  versus  square  root  of  elapsed  tine  for 
sluninua  in  silicon  carbide  at  an  applied  pressure  of  25  psi 
(172  kPa). 


Figure  7.  Infiltration  distance  versus  square  root  of  elapsed  tine  for 
aluainua  in  silicon  carbide  at  an  applied  pressure  of  30  psi 
(207  kFa). 
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Figure  8.  Infiltration  distance  versus  square  root  of  elapsed  time  for 
aluminum  In  silicon  carbide  at  an  applied  pressure  of  35  psi 
(241  kPa). 


Figure  9.  Infiltration  distance  versus  square  root  of  elapsed  time  for 
aluminum  in  silicon  carbide  at  an  applied  pressure  of  45  psi 
(310  kPa). 
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cold  son*  and  allowad  to  cool.  Tb*  saapl*  was  subsaquantly  raaorad, 
sactionad  longitudinally,  and  tha  Infiltration  distanca  (tb*  distanc*  to 
wfaieb  tb*  liquid  natal  panatratad  tb*  porous  conpact)  was  naasurad. 


.^RESULTS  AMD  DISCPSSIOH 

Tb*  rasults  of  tba  study  ara  shown  in  Figuras  4-9,  wbar*  tb* 
infiltration  distanca  as  a  function  of  tin*  is  prasantad  for  diffarant 
taaparaturas  and  prassuras.  Tbas*  figuras  show  that  tba  incubation  tine 
(ainlnun  tin*  raquirad  for  tba  initiation  of  infiltration)  occupiad  a 
significant  fraction  of  tha  ovarall  process  tine,  and  thus  bacane  the 
prlnary  focus  for  tha  analysis  of  the  data. 

Incubation  Studies 

The  incubation  tine  can  be  estinated  fron  the  plotted  data  shown  in 
Figures  4-9,  by  extrapolating  tha  line  to  zero  infiltration  distance. 

These  Incubation  tines  are  tabulated  in  Table  1.  Inspection  of  the  table 
clearly  shows  a  significant  temperature  dependence,  with  Incubation  time 
decreasing  as  tenperature  increases.  This  behavior  prior  to  ingression  of 
liquid  metal  into  the  porous  compact,  can  be  Interpreted  as  a 
pre-conditioning  reaction,  with  a  thermally  activated  mechanism. 

Table  1.  Incubation  times  for  the  infiltration  of  60  /m  diameter 
a- silicon  carbide  particles  at  various  pressures  and 
tanparatures . 


AP  (pal) 

AP<kPa> 

TCC) 

to  (sec) 

10 

<  68> 

850 

42.2  *  2.9 

15 

<103> 

670 

38.0  +  2.9 

730 

27.1  +  1.4 

800 

15.4  +  2.0 

850 

13.6  ■¥  5.7 

25 

<172> 

670 

15.3  +  3.1 

730 

8.1  +  1.7 

800 

6.6  -1^  1.3 

850 

4.4  +  1.0 

30 

<207> 

670 

11.3  +  1.1 

730 

7.8  *  0.4 

800 

4.6  ■¥  0.4 

850 

3.3  +  0.6 

35 

<241> 

670 

1.8  -f  0.6 

730 

0.8  +  0.2 

800 

0.7  +  0.5 

45 

<310> 

670 

0.6  -f  0.2 

730 

0.5  -f  0.2 

On  the  basis  that  the  pre-conditioning  reaction  is  a  first  order 
process,  an  empirically  determined  activation  energy  can  be  obtained  from 
the  data  for  Incubation  times.  Thus,  for  Isobarlc  conditions  the 
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(1) 


following  oquntion  uy  b«  uaod: 

l/t^  -  o  («zp  (-QAt)J 

where  le  the  incubeclon  tine,  a  la  the  pre>exponenti«l  factor.  R 
is  the  ges  constant,  T^s  the  absolute  tanperature,  and  Q  is  the  thermal 
activation  enargp. 


INVERSE  TEMPERATURE  a  (k'S 


Figure  10.  Arrhenius  plot  ••  rate  versus  Inverse  temperature  for  various 
applied  pressures. 


If  the  equation  above  accurately  characterizes  the  temperature 
dependence  of  pre-conditioning,  a  semi-log  plot  of  pre-conditioning  rate 
(l/tg)  versus  Inverse  temperature  (1/T)>  under  Isobarlc  conditions, 
should  yield  a  single  value  of  the  activation  energy,  as  shown  In 
Figure  10.  The  activation  energy  was  calculated  to  be  14.1  kcal/mole. 

For  a  given  applied  pressure  difference  across  the  compact,  the  quantity, 
o.  Is  temperature  Independent.  Its  magnitude  at  a  selacted  pressure 
can  be  used  to  determine  the  base-line  pre-conditioning  rate  referenced  to 
a  selacted  temperature  (e.g.  670*C). 

The  rate  of  pre-conditioning  was  also  found  to  be  sensitive  to  the 
pressure  of  Infiltration.  This  Is  manifested  by  the  Isobarlc  lines  In 
Figure  10  being  displaced  from  each  other.  In  turn  this  Is  reflected  by 
the  value  of  a  In  the  equation  for  each  line  having  a  unique  value  for 
each  pressure.  As  the  applied  pressure  was  Increased,  the  value  of  a 
was  found  to  Increase  non-llnearly  as  shown  In  Figure  11.  In  this  plot, 
a  for  a  given  pressure  was  calculated  from  equation  (1)  by 
substituting  the  value  of  t^  corresponding  to  the  test  temperature,  and 
using  the  average  activation  energy  of  14.1  kcal/mole  In  the  exponential 
term.  Examination  of  Figure  10  shows  that  for  pressures  greater  than 
207  kPa  (30  pslg)  the  pre- exponential  factor  Is  significantly  Increased. 
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In  an  attaapt  to  quantify  thia  dapandanca.  tha  data  of  Flgura  11  vara  than 
corralatad  to  an  aquation  of  tha  fora: 

o  -  o  (2) 

o 

vhara  AP  la  tha  applied  prasaure,  n  and  ara  fit  paraaatars 
used  to  correlate  tha  praaaura  depandaney.  Tha  exponent  charactarlxlng 
the  praaaura  dapandanca  wa^dataralned  by  plotting  a  veraua  applied 
praaaura  on  a  decade  grid  aa  ahown  in  Flgura  12.  Two  dlatlnct  raglnaa  of 


Figure  11.  Pra* exponential  factor  a  of  aquation  (1)  weraua  applied 
praaaura  plottad  on  a  ractlllnear  grid. 


praaaura  dapandanca  can  ba  found  froa  thla  plot.  For  appliad  praaauraa 
lowar  than  207  kPa  (30  palg)  tha  axponant  waa  calculated  to  ba  2.9.  At 
praaauraa  greater  than  207  kPa  (30  palg),  tha  exponent  waa  found  to  ba 
7.2,  Indicating  a  change  In  nachanlan.  Corraapondlng  valuea  of 
ara  tabulated  \tnder  CONCLOSION.  Currently,  no  aatabllahed  theoretical 
modala  are  available  to  ratlonallxa  tha  praasure  dependence  obaarvad  in 
theaa  teata. 

In  order  to  develop  an  undaratandlng  of  the  phanonena  related  to  the 
Incubation  tine.  It  la  necaaaary  to  vlsuallxe  the  phyalcal  configuration 
aa  tha  alug  of  nolten  aluminua  la  brought  Into  contact  with  the  face  of 
the  coBipact.  It  la  apparent  that  the  average  void  fraction/pore  alze  at 
thia  face  will  be  dlacontinuoua  relative  to  the  bulk  of  the  poroua 
coapact.  Conaequently,  the  behavior  of  the  priaary  Ingreaalon  of  liquid 
aetal  will  be  algnlflcantly  different  to  that,  once  the  liquid  haa 
penetrated  peat  tha  face,  to  a  dlatance  of  approxlaately  one  particle 
(average)  dlaaater.  In  addition,  the  liquid  Interface  of  the  aolten 
alualnua  alug  can  be  conaidered  aa  a  aeabrane  whoae  aechanlcal  properties 
are  governed  not  only  by  the  aurface  tension  of  the  liquid  but  also  by  an 
,oxide  fila  which  la  likely  to  be  present.  The  pressure  difference  applied 
across  the  nolten  slug  of  aluminum  In  conjunction  with  the  overall 
interfacial  properties,  will  determine  the  deflection,  and  hence  the 
radius  of  curvature  of  this  membrane.  This  is  illustrated  for  a  simple 
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por«.  In  Figure  13.  Thua,  for  an  applied  pressure  greeter  then  the 
threshold  pressure  (see  section  on  Infiltration  studies)  the  radius  of 
curvature  progressively  decreases,  as  e  result  of  physicochemical  changes 
St  the  llquld/solld  Interface,  until  It  la  of  similar  slxe  to  the  pore 
radius.  The  liquid  metal  can  then  enter  the  pore  and  Infiltration  of  the 
porous  compact  commences.  The  physicochemical  changes  at  the  Interface 
Include  a  decrease  In  the  ce^act  angle  between  the  liquid  aluminum  and 
solid  silicon  carbide  as  a  result  of  oxygen  being  scavenged  from  the 
silicon  carbide  surface  by  reaction  with  aluminum.  Also,  the  mechanical 
stretching  of  the  "Interfaclal  membrane”,  which  Incorporates  the  elumlnum 
oxide  phase,  can  lead  to  thinning  and.  decrease  In  Its  stretching 
resistance:  hence,  a  decrease  In  Its  radius  of  curvature.  It  Is  therefore 
plausible  that  Increasing  the  applied  pressure  difference  can  promote  a 
dtial  effect,  In  that  It  provides  for  Increased  oxygen  scavenging  due  to 
Improved  contact  between  liquid  alumlnum/slllcon  carbide,  as  well  as  the 
thixotropic  dilation  of  the  Interface. 


Although,  the  mechanism  proposed  above  can  provide  a  rationale  for 
the  observed  behavior  of  the  Incubation  time,  development  of  a  rigorous 
fundamental  model  which  can  be  used  for  quantification,  Is  not  a  trivial 
task.  The  effort  provided  In  this  work  represents  an  empirical  approach 
to  a  highly  complex  process. 


Finally,  It  la  worth  noting  that  a  reaction  mechanism  In  which 
aluminum  vapor  reacted  with  oxygen  on  the  SIC  particles,  was  also 
considered.  The  effect  of  curvature  on  the  equilibrium  vapor  pressure 
above  the  aluminum  was  Investigated.  The  enhancement  of  the  vapor 
pressure  above  a  convex  surface  of  redlus  r.  relative  to  a  flat  surface 
can  be  described  by  the  Thompson  equation: 


ptr) 

?<•) 


•*P  < 


i 

RT 


(3) 


If  the  following  property  values  (S.I.  units)  for  pure  aluminum  at 
660*C  are  used: 

-  1.124  X  10'^  mV®ol;  R  -  8.314  x  10^  J-mol’^ 

2 

and  >  0.913  kg/s  ,  there  Is  approximately  a  30%  Increase  In 
vapor  pressure  for  r  >  10  nm  (lOOA*).  The  effect  Is  even  smaller 
(25%)  at  800*C.  This  finding.  In  conjunction  with  the  low  vapor 
pressures  of  aluminum  («10'^^  at  880*C  and  >10'^  at 
800*0  3.ed  to  the  elimination  of  this  mechanism  from  further 
cons Ideret Ion. 


Infiltration  Studies 

The  parabolic  time  dependence  of  Infiltration  distance  has  been 
addressed  theoretically  In  the  work  of  Hartlns,  et  al.  [5],  and  has  been 
verified  experimentally,  both  by  Maxwell  [9]  and  by  the  work  Included  In 
this  paper.  This  relationship  can  be  expressed  as: 

h  -  At^/^  (4) 

where  h  Is  the  Infiltration  distance,  A  Is  the  slope  of  the  regressed  line 
from  the  Infiltration  distance  versus  the  square  root  of  time  plots 
(Figures  4*9),  and  t  la  time  measured  from  the  onset  of  Infiltration. 
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Flgur*  14.  riot  to  dotonino  tho  throthold  prosturo  --  ▼oraus  appliod 
proaawo . 


Thoorotioil  analysia  [51  ahovs  that  tha  paraaotar  A  la  tha  abora 
aquation  la  glran  by: 


A  -  (A»  - 


<5) 


vhara  Kj^  la  a  conatant  which  can  ba  ralatad  to  tha  poroalty  of  tha 
coaqMct  and  partlcla  dlanatar  [9].  9  la  tha  wlacoalty  of  tha  liquid 
alualnun,  AF  la  tha  appllad  praaaura  dlffaranca  (gauga  praaaura),  and 
F^Ij  la  tha  tbraahold  praaaura.  Tha  thraahold  praaaura  la  daflaad  hara 
to  ba  that  dynanlc  walua  of  appllad  praaaura  raqulrad  to  owareoaa  tha 
watting  raalatanea  (aurfaea  tanalon  forca)  and  tha  fluid  atatle  haad  aftar 
Infiltration  haa  bagun,  and  la  not  to  ba  confuaad  with  tha  i^par  Halt  of 
praaaura.  abora  which,  tha  Incubation  tlaa  la  ao  aaall  It  cannot  ba 
dlacrlalnatad  (<100  allllaaconda  In  thla  work).  Froa  a  thaoratlcal 
analytic  It  can  ba  ahown  that: 


F 


th 


r 


(6) 


whera  7j^y  la  tha  aurfaea  tanalon  of  tha  liquid  natal.  I  la  tha 
contact  angla  batwaan  tha  natal  and  tha  aolld  partlclaa  and  r  la  tha 
charactarlatle  pora  alza  of  tha  conpact. 


Equation  (4)  can  ba  uaad  to  aatlnata  tha  thraahold  praaauraa  for  tha 
tacts  conducted.  Tha  waluaa  of  A  taken  fron  tha  slope  of  tha  lines  In 
Figures  4-9  as  daaerlbad  abowa,  ware  squared  and  plotted  against  tha 
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flcuz«  IS.  Thx«staiOl4  pr««Bvr«  v«rftiu  tuip«ratux*  for  the  eltail iwa/e lltcon 
cerblde  tyttea. 


Figure  K.  Conteet  engles  for  rerloue  alualnuB  elloye  in  contact  vlth 
ailieon  carbide,  aa  reported  by  Kbhler  (11).  For  pure 
aluaiinua,  vetting  occura  at  approzlaately  960*C. 
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applied  praaaura  sa  ahown  la  Vlgura  14.  It  la  aotad  that  Oh,  at  al.  [4] 
found  that  for  a  SIC  eoapaet  eonalatlng  of  10  fjm  partlclaa  tha 
threshold  praaaura  (dlffaranea)  raqulrad  for  Infiltration  with  2% 
nagnaalua*alunlnua  alloy  at  800*C  waa  565  kPa,  eoaparad  to  3  kPa 
obtained  In  thla  work  whara  tha  partlela  slaa  vaa  50  pa.  If  tha 
relative  else  of  the  h5Srattllc>Bean  pore  radius  for  tha  two  casaa  la 
estimated  [9],  tha  pore  radlua  for  the  smaller  else  particle  Is 
approximately  100  times  smaller.  Recognlxlng  that  the  threahold  pressure 
Is  Inversely  proportional  to  the  pore  radius,  there  Is  good  agreement 
between  theae  two  prassurea;  not  wlthatandlng  that  referenced  work  waa  for 
a  2%  Mg-Al  alloy.  Using  the  slopes  and  Intercepts  from  the  lines  In  the 
plot,  the  threshold  pressures  for  the  temperatures  shown  ware  calculated. 
In  accordance  with  equation  (5).  The  temperature  dependence  of  the 
threshold  pressure  la  shown  In  Figure  15.  The  negative  threshold  pressure 
determined  for  the  test  temperature  of  850*C  Implies  that  tha  system 
Is  wetting  and  Infiltration  ahould  occur  spontanaously.  This  observation 
Is  In  contradiction  with  the  data  from  Kohlar  [10]  prasantad  In  Figure  16, 
which  Indicates  that  pura  liquid  aluminum  does  not  wet  (contact  angle 
<90*)  SIC  until  the  temperature  la  above  approximately  960*C.  The 
discrepancy  points  out  the  complexity  of  quantifying  tha  wetting  tendency 
of  aetal'ceranlc  couples,  and  Indicates  the  sensitivity  of  wetting  to  the 
exact  chemical  nature  of  the  liquid  aluminum  Interface  and  the  SIC 
substrate . 


COHCLDSIOH 

The  results  of  this  study  can  ba  sumaarlxad  as  follows: 

1.  The  Incubation  process  for  Infiltration  of  silicon  carblda 
particles  with  aluminum  obeys  the  phenomenological  aquation: 

tata  •  AF“  (exp(>Q/KT)] 

where:  n  •  2.9  f69  kFa  ^  dF  ^  207  kFa7 
tlO  psl  ^  d?  S  30  pal  J 

Oq  -  5.43  X  10'^^  (whan  dF  and  Sato  have  units  of  kFa 
and  a*^  respectively) 

n  -  7.2  p07  kFa  <  dF  £  310  kFa) 

130  psl  £  dF  <  45  psl  I 

Oq  -  4.79  X  10*^^  (when  dF  and  Sate  have  units  of  kFa 
and  s*^  respectively) 

q  -  14.1  kcal/Bole;  943*S  >  T  >  1123*K 

2.  The  observations  which  characterize  the  Incubation  phanomenon 
can  be  rationalized  on  the  basis  of  1)  discontinuity  of  the  void 
fraction/pore  size  properties  at  the  faca  of  the  compact 
relative  to  Its  bulk,  11)  Improved  oxygen  scavenging  of  the 
silicon  carbide  surface  by  aluminum  dua  to  Increasad  pressure  In 
the  liquid,  and  111)  thixotropic  dilation  of  the  "Interfaclal 
membrane”. 

3.  The  temperature  dependency  of  the  threshold  pressure  for 
Infiltration  of  silicon  carbide  compacts  (60  im  particles) 
with  aluminum  Is  such  that  It  varies  from  17.3  kFa  at  670*C 
to  less  than  zero  (a  wetting  system)  at  850*C. 
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ABSTRACT:  Stable  Interface  formation  at  the  metal- 
ceramic  Interface  requires  the  formation  of  irreversible 
chemical  bonds.  A  surface  thermodynamic  model  is  used  to 
predict  wettability  and  stable  interface  formation 
between  the  metal  and  silicon  dioxide  surface.  Model 
predictions  are  verified  by  experimental  capillary  rise 
measurements  and  chemical  analysis. 

1  INTRODUCTION 

Silicon  dioxide  or  quartz  is  a  material  of  significant 
technological  interest r  especially  for  use  in  electronic 
devices.  Also,  silicon-containing  structural  ceramics  are 
usually  covered  by  a  layer  of  silica.  In  most  applications 
quartz  is  used  in  conjunction  with  a  metal.  Therefore, 
forming  a  stable  interface  between  the  metal  and  the  ceramic 
is  critical  in  developing  a  joining  process.  Wetting  of  the 
silicon  dioxide  surface  by  the  metal  is  a  prerequisite  to 
joining. 

It  has  been  known  that  in  metal-ceramic  systems  a  chemical 
bond  is  essential  for  any  stable  interface  formation.  Using 
this  principle  in  an  earlier  study  resulted  in  a 
thermodynamic  criterion  to  identify  the  metals  that  wet  an 
aluminum  oxide  surface  [1].  A  similar  approach  is  used  here 
to  predict  wettability  on  silicon  dioxide  surfaces.  Wetting 
is  treated  as  a  surface  phenomenon,  and  a  surface  reaction 
monolayer  is  considered  sufficient  to  cause  wetting.  The 
theoretical  predictions  are  verified  experimentally  using 
a  capillary  rise  apparatus.  The  wettability  parameter, 
Y^*cos0  in  the  Young  equation: 

Y^’"cos6  ■  Y*^  -  Y*-*  (1) 


BIO 


SOJOM  -  91 


331 


(where:  y^'',  y“*/  and  are  the  liquid-vapor,  solid-vapor, 
and  liquid-solid  interfacial  energies  respectively) ,  is  used 
as  the  verification  parameter  to  compare  the  theory  and  the 
experiment.  This  approach  is  valid  only  for  non-wetting 
systems.  In  wetting  systems,  the  interfacial  reaction 
results  in  an  altogether  new  phase.  A  new  interface  is 
interposed  between  the  metal  and  the  ceramic,  and  therefore 
the  Young  equation  is  no  longer  valid. 

THEORY 

Sangiorgi  et.  al.  [2]  have  attempted  to  model  the  wetting 
behavior  of  various  liquid  metals  on  a  silicon  dioxide 
surface.  Their  study  resulted  in  an  empirical  cor  elation 
between  the  free  energy  of  oxide  formation  and  t.  non¬ 
wetting  contact  angles  between  noble  metals  and  a  quartz 
surface . 

The  uniqueness  of  the  theory  presented  here  is  its  ability 
to  delineate  the  wetting  and  non-wetting  systems.  Wetting 
can  be  defined  to  occur  between  a  solid  and  a  liquid  when 
the  liquid  atoms  establish  atomic  contact  with  the  atoms  on 
the  surface  of  the  solid.  A  force  of  attraction  is  essential 
for  the  purpose;  this  force  of  adhesion  can  be  physical  or 
chemical  in  nature.  In  the  case  of  a  metal-ceramic 
interface,  the  physical  force  is  very  weak.  All  commercially 
knovm  metal-ceramic  components  rely  on  a  chemical  bond  for 
interface  formation.  A  simple  analytical  approach  to  predict 
wetting,  therefore,  would  be  to  use  the  free  energy  of  a 
reaction,  AG^  between  the  metal  and  the  ceramic  as  shown  in 
Eqn .  ( 2 ) 


*  SiO^  --  *  Si  LG,  (2) 

A  negative  AG^  implies  a  wetting  system.  It  has  been 
previously  demonstrated  that  a  bulk  thermodynamic  approach 
does  not  accurately  identify  the  metals  that  can  wet  a  given 
ceramic  [1).  Therefore,  a  surface  wetting  model  is  used. 
The  surface  of  quartz  can  be  treated  as  a  separate  phase 
with  unique  thermodynamic  quantities  associated  with  it.  A 
surface  phase  formation  energy,  AG’“%  that  is  very  similar 


•332 


SOJOM  -  91 


BIO 


to  the  bulk  formation,- Ag°*  can  be  defined.  The  atoms  on  the 
surface  are  at  a  higher  energy  than  the  bulk.;  this  energy 
can  be  represented  In  terms  of  Gibbs  excess  energy,  G**. 
Therefore, 

^  HGiio,  *  G-  (3) 

The  procedure  established  to  estimate  G’‘*  Involves  the  use 
of  the  experimentally  estimated  surface  specific  energy  y  as 
indicated  In  Eqn.  .(4): 

G"  »  yA  (4) 


t/here  A  is  the  area  of  a  mole  of  surface  atoms.  Standard 
procedures  are  available  to  calculate  this  area  [3].  Surface 
specific  energy  at  the  temperature  of  interest  can  be 
calculated  using  Eqn  (5): 


y  »  y®  -  A5®AT  (5) 

There  are  no  standardized  procedures  for  estimating  the 
surface  energy;  but  a  few  published  results  are  available, 
y®,  surface  specific  energy  at  0®  K;  and  S®,  surface  specific 
entropy  in  the  present  study  were  estimated  to  be  830  mJ/M^ 
and  0.26  mj/M^K  respectively  from  the  data  published  by 
Klngery  [4]  and  Bruce  [5].  Once  AG*®''  is  calculated,  the 
standard  thermodynamic  procedure  can  be  used  to  evaluate  the 
driving  force  for  wetting  in  terms  of  the  Gibbs  free  energy 
of  wetting,  Ag^.  A  reaction  between  the  metal  M  of  interest 
and  the  surface  phase  of  SiO,  to  form  MO  can  be  written  as: 

•  *  X 

2^M  *  Sic/"'  *  Si  (6) 


and  the  AG^  for  this  reaction  is  given  by: 


AG,  -  AG^*g'  -  RTln 


a 


Si 


(7) 


The  free  energy  of  wetting  is  related  to  AG^  by  Eqn  (8): 

AG, -AG,  fG"  (8) 
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The  activity  of  Silicon  in  the  metal  a^,  is  calculated  by; 

^Si  ~  ^Si^Si 

Activity  coefficients,  F,  were  obtained  from  the  data  book 
on  thermodynamic  properties  of  binary  alloys  [6];  if 
unavailable,  an  ideal  behavior  is  assumed.  The  standard  free 
energy  of  formation  A6°  is  readily  available  in  the 
literature  [7].  Calculations  were  performed  based  on  a  100 
degree  superheat  over  the  melting  temperature  of  the  metal, 
and  for  one  percent  dissolution  of  silicon  in  the  metal.  The 
parameters  used  and  the  results  obtained  from  the 
calculations  are  presented  in  Table  1. 

EXPERIMENTAL  PROCEDURE 

The  details  of  the  experimental  procedure  are  discussed  in 
Reference  1.  Briefly,  the  principle  of  capillary  rise 
involves  submerging  a  ceramic  tube  of  appropriate  inside 
diameter  in  a  molten  metal  of  interest  and  measuring  the 
liquid  levels  inside  and  outside  the  tube.  The  difference  in 
the  two  heights,  h,  is  related  to  the  wettability  parameter, 
cosB  term  by  the  Young-Laplace  equation: 

yJ’^cose  =  (10) 

Where,  p  is  the  density  of  the  metal,  g  is  the  acceleration 
due  to  gravity,  and  r  is  the  radius  of  the  capillary  tube. 
This  approach  and  the  Young-Laplace  equation  are  valid  only 
for  non-wetting  systems.  Therefore,  in  wetting  systems,  only 
a  qualitative  verification  is  possible;  the  degree  of 
wetting  could  not  be  ascertained.  Strips  of  quartz  were 
submerged  in  the  metal /alloy  and  inspected  for  wetting  under 
the  optical  and  scanning  electron  microscopes.  The  energy 
dispersive  X-ray  attachment  to  the  scanning  microscope  was 
used  for  chemical  analysis. 

RESULTS  AND  DISCUSSION  , 

A  positive  AG^  was  obtained  for  copper,  iron,  lead,  nickel 
and  lead,  whereas,  a  negative  free  energy  of  wetting  was 
obtained  for  copper-titanium,  copper-manganese  and  chromium. 
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These  observations  are  consistent  with  the  experimental 
results  obtained  In  the  present  study^  and  with  previously 
published  results  [8].  Reproducible  contact  angles  values 
were  measured  using  the  capillary  rise  apparatus.  The 
wettability  parameters  measured  for  ngn-wettlng  systems 
(copper,  tin  and  lead)  as  a  function  of  temperature  are 
shown  In  Figure  1.  The  wettability  parameter  was  found  to 
decrease  with  increasing  temperature.  Copper-titanium  and 
copper-manganese  alloys  were  found  to  wet  quartz  surface. 
The  presence  of.  titanium  and  manganese  were  confirmed  by 
composition  analysis  using  the  energy  dispersive  X-ray 
analysis. 

A  wettability  map  (a  plot  of  the  predicted  AG^  against  the 
measured  y^''cos6)  was  drawn  to  verify  the  surface  wetting 
model  predictions  (Figure  2).  The  results  from  this  study 
are  shown  with  error  bars;  also,  the  literature  values^ are 
shown  superimposed  In  the  plot.  The  wetting  and  non-wetting 
regimes  shown  in  the  plot  correspond  to  a  negative  and 
positive  free  energy  of .  wetting  respectively.  Non-reactive 
metals  such  as  copper,  tin,  nickel,  iron  and  lead  fall  in 
the  non-wetting  regime  (region  6).  Manganese,  chromium  and 
titanium  and  their  respective  alloys  fall  in  the  wetting 
category.  As  mentioned  before,  y^''cos8  term  is  meaningless 
for  wetting  systems.  Therefore,  the  data  points  in  the 
wetting  regime  are  shown  as  vertical  lines  corresponding  to 
the  appropriate  AG^  values.  The  Region  3  and  region  4  are 
physically  meaningless  regimes,  the  absence  of  any  data 
points  in  those  regimes  corroborates  the  model . 

The.  uniqueness  of  this  approach  is  its  ability  to  accurately 
predict  a  wetting  behavior  for  manganese  and  chromium 
(region  2).  The  wetting  regime  also  encompasses  a  bulk 
reaction  regime  (region  1).  A  solid  line  is  drawn  where  AG^ 
is  zero.  A  chemical  reaction  can  occur  at  any  point  to  the 
left  of  this  line.  (Note  that  AG^  predicts  that  a  reaction 
between  manganese  or  chromium  and  quartz  is  unfavorable.) 
Titanium  falls  in  the  bulk  reaction  region.  After  wetting, 
a  reaction  between  the  bulk  phase  of  quartz  and  titanium  is 
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limited  only  by  the  kinetics  of  the  Interface  formation. 
With  sufficient  mass  transport,  a  large  interfacial  reaction 
zone  will  be  formed.  The  interfacial  reaction  products  are 
typically  brittle,  and  have  a  deleterious  effect  on  many 
applications  of  the  metal  ceramic  component.  The  difference 
between  and  AG^  is  the  surface  excess  energy  G’^*  (Eqn.  8) 
which  is  a  function  of  temperature.  Manganese  and  chromium 
fall  within  region  2,  where  the  metal  exhibits  sufficient 
thermodynamic  activity  to  reduce  the  surface  of  the  ceramic 
but  not  the  bulk.  This  situation,  shown  shadowed  in  Figure 
2,  results  in  a  stable  interface  between  the  metal  and  the 
ceramic.  The  metal  reduces  the  surface  atoms  of  the  ceramic; 
once  the  surface  atoms  are  depleted,  an  equilibrium 
interface  is  formed.  Such  interfaces  provide  the  required 
atomic  contact  without  generating  large  interfacial  reaction 
products . 

CONCLUSIONS 

The  thermodynamic  criterion;  i.e.,  wetting  occurs  whenever 
AG^  ia  negative,  was  found  to  be  true  for  quartz-metal 
interfaces.  Also,  the  surface  wetting  model  was  found  to 
predict  accurately  the  metals  or  alloys  that  form  stable 
interfaces  with  quartz.  Copper-titanium  alloys  in  contact 
with  quartz  form  an  unstable  Interface  .with  a  large 
inter facial  zone,  in  contrast,  copper-manganese  alloys  form 
a  stable  Interface.  The  capillary  rise  technique  can  be 
successfully  used  to  experimentally  measure  contact  angles 
in  non-wetting  metal -ceramic  systems. 
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Figure  1.  Experimental  wettability  parameters  for  copper, 
tin  and  lead  in  contact  with  a-guartz  at  various 
temperatures . 
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Table  I.  Model  Parameters  and  Wettability  Predictions  for 
_ an  g-quartz  'Surface* 


Metal . 
Alloy 

T 

•K 

AG" 

kj/mole 

yi, 

mj  /m* 

AG, 

kj/mole 

y*’cos9 
mj/m*  (ref) 

Cu 

14S0 

-28.1 

0.016 

1300 

370.08 

-251 

(*) 

N1 

1826 

-76.5 

0.01 

1660 

267.08 

-952.1 

(8) 

Fe 

1909 

-142.3 

0.003 

1840 

67.74 

-777.6 

(8) 

Sn 

605 

-227.5 

1 

542 

141.60 

-290 

(*) 

Pb 

700 

-148.7 

0.15 

442 

286.80 

-480 

(*) 

Cu-5%Ti 

1450 

-290 

0.016 

1300 

-256.6 

- 

(*) 

Cr 

2225 

-630.1 

1 

1590 

-51.37 

- 

Mn 

1615 

-268.3 

1 

1060 

-108.2 

- 

(*) 

#  -  calculations  were  performed  for  a  100  degree  superheat 
over  the  melting  temperature. 

*  -  present  experimental  results 


A  G  ^  in  kj/ mole 


Figure  2.  Wettability  map  for  quartz.  Temperature  was  chosen 
to  be  100  degrees  Kelvin  above  the  melting  temperature  of 
the  metal  or  alloy. 
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